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FOREW ORD
This bulletin contains the papers read a t the Hydraulics Con­
ference held at Iowa City, Iowa, June 12-15, 1939, under the aus­
pices of the Society for the Promotion of Engineering Education 
and the Iowa Institu te  of Hydraulic Research.
The Conference program  was presented under eight topics, each 
of which was allotted a half d a y ’s time for presentation and dis­
cussion. These topics w e re : Historical Development, Turbulence, 
Hydrology, Models and Analogs, H ydraulic Structures, Transporta­
tion of Silt and Detritus, Open Channel Flow, and Instrum ents and 
Laboratory Materials. The proceedings follow the grouping and 
order of the Conference program.
Only prepared papers appear in the proceedings; many ex­
cellent suggestions and discussions were given at all of the sessions 
but facilities for recording extemporaneous remarks were not avail­
able.
Full credit for the conception of the program  and the selection 
of chairmen and speakers is due Professor F. T. Mavis, a t the time. 
Head of the Departm ent of Mechanics and Hydraulics, S tate Uni­
versity of Iowa, and now Head of the Civil Engineering Department, 
Pennsylvania State College. The efforts of the authors who prepared 
the papers contained herein and the generous co-operation of these 
men with the editor, in reducing the papers for publication, merit 
the thanks of all who may find this bulletin useful.
Acknowledgment is made to the State University of Iowa for 
financial aid in defraying part of the cost of the Conference and 
the publication of the proceedings.
J . W. H o w e ,
Editor.
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HISTORICAL DEVELOPMENT OF 
EXPERIM ENTAL HYDRAULICS1
by
C. E. Bards! ey, Professor of Hydraulics 
Oklahoma A gricultural and Mechanical College 
Stillwater, Oklahoma
Research in the authorities on the sources of the history of ex­
perimental hydraulics prompts the w riter to divide the subject 
chronologically into four periods: (1) the period of antiqu ity  dating 
from the earliest traditions to 1000 B. C., (2) the Roman period from 
about 312 B. C. to the Fall of Rome in 476 A. D., (3) the Renais­
sance period beginning about 1452 and ending before 1764, and (4) 
the period of Experim ental Investigation from 1764 up to the pres­
ent. I t  will be the purpose of-this paper to enumerate m an ’s ac­
complishments in knowledge and application of hydraulics in each 
of these periods. The paper is concluded by suggesting th a t we have 
entered into the period of Fundam ental Concepts, and a prediction 
or hope for future development is expressed.
P e r i o d  o f  A n t i q u i t y  ( C r e a t i o n  - 1000 B. C.)
In  this period we have accounts of the utilization of rivers and 
canals for navigation, irrigation, water power and water supply. 
Many wells and reservoirs were constructed for water supply. Crude 
current wheels were used for irrigation and for industrial purposes. 
The water clock was usediby astronomers for telling the time of star 
transits and the seasons of the year.
T h e  R o m a n  P e r i o d  (312 B. C. - 476 A. D.)
During this period of less than a thousand years, history wit­
1 This is  an abstract of the paper read at the Iowa H ydraulics Conference. 
The paper read w as an abstract of a forty-page bulletin  on th is  subject. The  
bulletin  was d istributed at the m eeting. A dditional copies of H is tor ica l  
R esu m e of the  D eve lo p m en t  of th e  Science of H yd ra u l ic s  by the  w riter, Pub­
lication  No. 39, E ng in eer ing  E xperim ent Station, Oklahoma A & M College,
Stillw ater, Oklahoma, can be obtained by w ritin g  for same.
3
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nesses certain advances in hydraulic science, v iz .: construction of a 
world trade canal, building of aqueducts, reservoirs, city water dis­
tribution systems, utilization of the inverted siphon, the arch, es­
tablishment of the laws of buoyancy, invention of the chain and buck­
et pump, and mention that public thought was directed toward the 
regulation of rivers.
T h e  R e n a i s s a n c e  P e r i o d  (1452 - 1764 A. D.)
In  the Renaissance Period, we have the canal building era which 
was made possible through the invention of the chambered lock and 
mitre sill gate. A sound mathematical theory for hydraulics was 
founded especially for orifices, hydrostatic pressures, short tubes, flow 
in rivers, and the statement of the equations of continuity and con­
servation of energy appeared. The Pitot Tube was invented, the con­
stant g for gravity was established, and by the end of the period all 
the necessary knowledge was available to complete the formula 
V — \/2g]i. The calculus was invented fifty  years before the end of 
the period. The period established the fact that hydraulics was an ex­
perimental science which became the keynote of the period that was to 
follow.
T h e  P e r i o d  o f  E x p e r i m e n t a l  I n v e s t i g a t i o n  (1764 A. D. t o  P r e s e n t )
Modern hydraulic science is based almost entirely upon experi­
ment ; its periods of development coincide directly with periods of in­
creased activity in the sphere of physical investigations. I t  was not 
until the beginning of the nineteenth century that enough experi­
mental data had been assimulated to permit the foretelling of future 
progress, and another hundred years had to pass before the results 
marking the achievement of this progress were to be obtained. The 
twentieth century brought with it a revival of untold importance to 
the science, for at this time the first modern hydraulic laboratories 
made an appearance.
T h e  P er io d  o f  E m p ir ic is m  to  a  P eriod  o f  F u n d a m e n t a l  C o n c e p t s  
( P r e s e n t  to __________ )
The w riter fully believes that hydraulic science is entering the 
period of fundamental concepts. D uring the past two centuries hy­
http://ir.uiowa.edu/uisie/20
draulic design and phenomena have been empiricised or solved by 
tria l and error methods tempered by the judgm ent of experience. 
Now mathematical analysis and the laboratory are supplying the re­
searcher with the fundamental laws and compatible coefficients. I t  
appears that in the near future that this science will have advanced 
sufficiently in practical fundamental concepts to be designated by 
the broader caption “ Experimental F lu id  Mechanics.”
http://ir.uiowa.edu/uisie/20
E X PER IM EN TA L AND PRACTICAL EN G IN EERIN G
HYDRAULICS OF TH E LATE 18TH CENTURY
by
J .  J .  Doland 
Professor of Civil Engineering 
University of Illinois 
Urbana, Illinois
The State of Illinois has recently been engaged in a program to 
restore the old grist and saw mills which played im portant roles in 
its pioneer development. I t  is desired to make these restorations as 
nearly authentic as is possible. The department of Public Works and 
Buildings has done considerable research work which has included: 
the collection and study of original parts of buildings and equipment, 
the information which could be gained from the accounts of persons 
who had visited or patronized the mills while they were in operation, 
and the examination of letters and other writings which might un ­
cover authentic information.
A fter the tentative plans had been developed they were sent to 
the University of Illinois for checking with respect to the hydraulics 
and the technical features of the mechanical equipment. I t  seemed 
illogical, impractical, and unfair to attem pt to apply modern water 
power theories to prove or disprove the engineering soundness of a 
project which in effect was over 100 years old. I t  was decided, there­
fore, that the proper approach would be for the designer to become 
an engineer or millwright of 1800 and hence be guided only by the 
theories and practices then in vogue and by every scrap of evidence 
which remained to indicate the intent and execution of the original 
designer and builder.
The examination of a portion of the 18th century literature on 
hydraulics revealed facts and philosophical opinions which are n- ■ 
doubt commonplaces to many, but were quite interesting, informative, 
and even startling to the author.
The book of earliest date examined is one entitled, “ An In tro ­
duction to a General System of Hydrostaticks and Hydraulicks, Phil-
6
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osophical and P ractical”  by Stephen Switzer and published at Lon­
don in 1729. The title page announces that the book contains in gen­
eral :
“ A Physico-mechanical E nquiry into the Origin and Rise of 
Springs, and of all the Hypotheses relating there to ; as also the P rin ­
ciples of Waterworks and the Draughts and Descriptions of some of 
the best Engines for raising and distributing W ater for the Supply 
of Country Seats, Cities, Towns corporate etc.
“ Deduced from the Theory of Archimedes, G-allileo, Torricelli, 
Boyle, Wallis, Plot, Hooke, Marriotte, Desaguliers, Derham, Hauks- 
bee and others.
“ Reduced to practice by Vitruvius, Bockler, de Caus and other 
Architects and amongst the ancient Romans, Italians, French, Flem ­
mings and Dutch, and much improved by later Practice and E x ­
perience. ’ ’
Mr. Switzer was evidently quite a scholar and philosopher. He 
Avas also an advance proponent of conservation and flood control. The 
opening paragraphs of his preface, although expressed in quaint lan­
guage, nevertheless have a familiar sound in these times of Tennessee 
Valleys and such. He says:
“ Even as Paradise itself, th o ’ of Divine Appointment, must have 
been deem’d an immodel’d and imperfect Plan, had it not been watered 
by the same all-powerful H and which first made i t ;  so never can our 
Gardens and Fields (the nearest Epitomy and Resemblance of that 
happy and blessed Place to be met with here below) be said to be any 
way perfect or capable of subsisting without it (w a te r).
“ The entire want of W ater that is in some and the ill Use or 
little Management of it, which is to be found in other Places are I 
humbly hope, sufficient to excuse me from making any Apology for 
my Presuming to attempt at the undertaking of a System the Steps 
of which so few have trod before me, and which I have with much 
Care and Pains drawn together, for the Improvement of these and 
future Times.”
Switzer’s preface also includes an interesting review of the work 
of his predecessors from Archimedes to Hooke. A fter denying the 
need for an apology at the beginning he breaks down in the final 
paragraph and offers one. A t the same time he attem pts to spike 
the guns of such critics as may arise. Until a more able pen than his 
does a better job, he says:
http://ir.uiowa.edu/uisie/20
“ ........... the good natured P art of the World will ( ’tis humbly
hoped) excuse my Presumption in aiming at so great a Work as this 
is, the Paths of which so few have trod before me (especially in the 
comprehensive Manner in which this is endeavor’d to be drawn) ; this 
added to the Diversion I have had in compiling it and in taking (th o ’ 
but a transient View) of some of the most wonderful Phaenomena’s of 
Nature, will sufficiently recompense the Pains I  have been at and 
set me above the little Cavils of mercenary and pretended W its .”
The author is borrowing (with obvious modifications) the words 
of Mr. Switzer to offer his apology for this paper with the hope that 
the readers are of the “ good natured P art of the W orld” and that as 
“ W its”  they are neither mercenary nor pretended.
Switzer’s discussion of the theories to explain the source of the 
water issuing from springs, pressure, momentum, elasticity, friction 
loss in pipes, effects of capillarity, viscosity, siphonic action and other 
phenomena sheds considerable light upon the state of the art of hy­
draulics and hydrology in 1729.
Briefly, it may be stated that fundamental, though perhaps 
somewhat unrefined, concepts of pressure head, velocity head, and 
spouting velocity were well established; losses due to friction, orifice 
contractions, and effects of impulse and momentum were under study 
and offered the most challenging problems.
John Smeaton enters the picture as an authority about 1750. Al 
this point the philosophers and architects began to lose control of the 
field because he was the first man to call himself a civil engineer. A 
man of many other accomplishments, Smeaton was also a research 
hydraulician. He had some sound ideas in regard to the danger of 
drawing deductions too hastily from the results of tests and he was 
probably among the first to sound a warning concerning the correla­
tion between the performance of models and their prototypes. He 
says in the introduction to a paper entitled, “ An Experimental E n ­
quiry concerning the N atural Power of W ater and W ind”  read before 
the Royal Society of London, May 3 and 10, 1759:
“ W hat I have to communicate on this subject was originally de­
duced from experiments made on working models, which I  look upon 
as the best means of obtaining the outlines in mechanical inquiries. 
But in this case it is necessary to distinguish the (circumstances in 
which a model differs from a machine in large: otherwise a model is 
more apt to lead us from the truth than towards it. Hence the com­
http://ir.uiowa.edu/uisie/20
mon observation, that a thing may do very well in a model that will 
not answer in large. And, indeed, though the utmost circumspection 
be used in this way, the best structure of machines cannot be fully as­
certained, but by making trials with them of their proper s ize .......... ”
In  the same paper Smeaton describes the apparatus he devised 
and the tests he made to determine the ratio between power and ef­
fect on undershot and overshot water wheels. A n examination of 
Figs. 1 and 2 discloses that Smeaton was using a recirculating hy­
draulic laboratory. The appara- 
. • tus consisted of a constant head
¥ tank fitted with a float gage and
an adjustable orifice. The recir­
culating pump had a barrel five 
inches in diameter and a stroke 
of eleven inches. I t  was fitted 
■ g w i t h  the necessary valves and 
' H g b  stroke limiting devices.
GY, a cylinder
wood fixed upon the pum > rod 
and reaches above the surface 
of the w ater; this piece of wood 
being of such thickness that its 
j section is half the diameter of
SSfaBSN“.  ^ *he pump barrel, will cause the
j p * v - water to rise in the head as much 
Ifjj Y  while the piston is descending
11 I as while rising, and will thereby
keep the gage rod FG  more 
equally to its height.”  
j R  is “ the scale into which the
■l-Ti ii ■■■.■■I ---- -1 weights are put for try ing the
.......V- .* •. 'iite i power of the w ater”  and 0  “ is
p x a cylinder on which the cord
winds, and which being con- 
iducted over the pulleys P  and Q raises R.
“ The pump made use of for replenishing the head with water 
was so carefully made, that, no water escaped back through the 
leathers, it delivered the same quantity  at every stroke, whether it 
worked quick or slow, and by ascertaining the quantity of 12 strokes,
http://ir.uiowa.edu/uisie/20
and counting the number of strokes in a minute that was sufficient to 
keep the surface of the water to the same height, the quantity ex­
pended was found.”
Smeaton was very much in ­
terested in the ratio of the peri­
pheral velocity of the wheel to 
the velocity of water which 
would produce maximum power, 
l ie  measured the velocity of the 
water for different apertures of 
the orifice by measuring the cir­
cumferential velocity of the 
wheel running under no load. He 
accounted for the friction losses in the wheel bearings by winding the 
cord around the drum in the reverse direction to that shown in Fig. 2 
and placing weights in the pan. He thus attempted to supply a force 
to assist the water in tu rning the wheel by an amount just equal to the 
retarding friction. He concluded that the ratio of wheel velocity to 
water velocity should be in the neighborhood of one to three. An analy­
sis of Smeaton’s experimental results indicate that his measured wa­
ter velocities were too high by an amount which would reduce the 
ratio to that of modern practice, namely about one to two.
Smeaton used the same apparatus, with necessary modifications, 
for testing models of overshot wheels. He established to his own sat­
isfaction their superiority over the undershot type. He thus verified 
the theories of Desaguliers and Parent and also M aclaurin’s “ flux- 
ionary”  (calculus) deductions based on P aren t's  work. He also dis­
proved the theories of Belidor who held that “ W ater applied under­
shot will do six times more execution than the same applied overshot.” 
These results were destined to become important findings which were 
to exert considerable influence upon the early development of the 
United States which was to come into being 25 years later.
Another Englishman, John Banks, published a “ Treatise on 
Mills”  in London in 1795. Banks, a strong advocate of the hydraulic 
laboratory, seems to have begun his researches about 1770. That he 
had considerable mathematical ability is demonstrated by his use of 
the calculus in his treatise. Nevertheless, he has this to say in regard 
to the experimental approach and its limitations:
“ However satisfactory mathematical reasoning may be to some,
d A - w
' i p s
F ig . 2.
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yet experimental proof is desirable, and, to many, much more so than 
the former; and without experiments, we often want data to reason 
from. But if we have certain principles, the conclusions drawn there­
from will often differ considerably from experiment, or ra ther the
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B
OJ
a.
x
1
In.
33 88
In.
15,85 30,
lb. oz. 
13 10
lb. oz. 
10 9 275, 4358 1411 10:3,24 10:3,4 W ,7 5
2 30 86 15,0 30, 12 10 9 6 264,7 3970 1266 10:3,2 10:3,5 10:7,4
3 27 82 13,7 28, 11 2 8 6 243, 3329 1044 10:3,15 10:3,4 10:7,5 A t
the
1st
hole.
4 24 78 12,3 27,7 9 10 7 5 235, 2890 901,4 10:3,12 10:3,55 10:7,53
5 21 75 11,4 25,9 8 10 6 5 214, 2439 735,7 10:3,02 10:3,45 10.7,32
6 18 70 9,95 23,5 6 10 5 5 199, 1970 561,8 10:2,85 10:3,36 10:8,0 2
7 15 65 8,54 23,4 5 2 4 4 178,5 1524 442,5 10:2,9 10:3,6 10:8,3
8 12 60 7,29 22, 3 10 3 5 161, 1173 328, 10:2,8 10:3,77 10:9,1
9 9 52 5,47 19, 2 12 2 8 134, 733 213,7 10:2,9 10:3,65 10:9,1
10 6 42 3,55 16, 1 12 1 10 114, 404,7 117 10:2,82 10:3,8 10:9,3
11 24 84 14,2 30,75 13 10 10 14 342, 4890 1505 10:3,075 10:3,66 10:7,9
12 21 81 13,5 29, 11 10 9 6 297, 4009 1223 10:3,01 10:3,62 10:8,05
13 18 72 10,5 26, 9 10 8 7 285, 2993 975 10:3,25 10:3,6 10:8,75 A t
14 15 69 9,6 25, 7 10 6 14 277, 2659 774 10:2,92 10:3,62 10:9, the
15 12 63 8,0 25, 5 10 4 14 234, 1872 549 10:2,94 10:3,97 10:8,7 2d.
16 9 56 6,37 23, 4 0 3 13 201, 1280 390 10:3,05 10:4,1 10:9,5
17 6 46 4,25 21, 2 8 2 4 167,5 712 212 10:2,98 10:4,55 10:9,
18 15 72 10,5 29, 11 10 9 6 357, 3748 1210 10:3,23 10:4,02 10:8,05
19 12 66 8,75 26,75 8 10 7 6 330, 2887 878 10:3,05 10:4,05 10:§,1 T he
eo 9 58 6,8 24,5 5 8 5 0 255, 1734 541 10;3,01 10:4,22 10:9,1 3(1.
21 6 48 4,7 23,5 3 2 3 0 228, 1064 317 10:2,99 10:4,9 10:9,6
22 12 68 9,3 27, 9 2 8 6 359, 3338 1006 10:3,02 10:3,97 10:9,17
23 9 58 6,8 26,25 6 2 5 13 332, 2257 686 10:3,04 10:4,52 10:9,5 4th.
24 6 48 4,7 24,5 3 12 3 8 262, 1231 385 10:3,13 10:5,1 10:9,35
25 9 60 7,29 27,3 6 12 0 6 355, 2588 783 10:3,03 10:4,55 10:9,45 5th.26 6 50 5,03 24,6 4 6 4 1 307, 1544 450 10:2,92 10:4,9 10:9,3
27 6 50 5,03 26, 4 15 4 9 360, 1811 534 10:2,95 10:5,2 10:9,25 6th.
1. 2 . 3 . 4 . 5 . 6 7 . 8 . 9 10. 11 1*3. 13 .
T a b l e  I
experiment from the theory. F or the theory supposes the bodies to 
move in free space, without friction, or any kind of resistance; but 
as these impediments cannot be entirely removed, the experiments 
cannot perfectly coincide with the theory, though in some cases they 
come exceedingly nea r.”
Mr. Banks offers an interesting side light which seems to indi­
http://ir.uiowa.edu/uisie/20
cate something of the attitude of the late 18th century toward female 
scientists. He says in his preface:
‘ ‘ And though I have had much practice in making experiments, I 
have not trusted  entirely to my own observations, but have been 
assisted in the whole, by one or more gentlemen well acquainted with 
the subject. At Coventry, by the Rev. Mr. Banks, of Monks Kirkby,
............by my eldest son, and by my wife, who, though a woman, is
perhaps as accurate in making experiments in philosophy, and some 
branches of chemistry, as most of men. ’ ’
Banks directed his activity toward the mathematical analysis 
and experimental determination of the laws of circular motion, the 
optimum ratio of circumferential velocity of mill wheels to the velocity 
of the propellant water, and the flow of water through orifices. I t  is 
interesting to note that the 18th century experimentors charged all 
of the contraction effect of orifices to a velocity reduction, although 
Banks noticed it.
Banks performed a number of experiments on the discharge 
through orifices. He was interested in determining the ratio between 
the actual velocity and the theoretical velocity based on the 2gh re ­
lation.
He reports that he began his experiments with orifices on plates 
1/40 inch thick and carried on with plates of greater thickness. He 
found that the discharge under corresponding heads was greater for 
the thicker plates than it was for the thin plates. Working apparently 
without an understanding of the effect of the contraction, he was 
seeking the conditions by which the maximum ratio of actual velocity 
to the theoretical could be obtained. The results of his orifice plate 
experiments were unsatisfactory to him so he devised a conical orifice. 
Concerning this he says:
“ But as my view was to obtain the greatest velocity I  shall 
take no notice of any but the cone, which I  found to be best. This 
I  made of brass about 1/10 of a foot in length and the top diameter 
about twice as much as the bottom or aperture. The stream dis­
charged through this is remarkably different from that discharged 
through the plate. This (the stream) appears like a piece of crystal 
glass to the distance of some feet, more or less, according to the head; 
neither has it that contraction just below the aperture as observed 
in one flowing through a thin p la te ; and the observed velocity at the 
depth of seven feet falls 1-^4 foot short of the computed. ’ ’
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As a result of his researches he found the «value of the velocity 
coefficient to range from 0.91 to 0.96. A pparently he did not trust 
these values in the face of the results reported by his predecessors. He 
reduced his coefficient to 0.75 and finally appears to recommend 
0.672, which he arrived at by averaging the results of others as shown 
in the following table.
Newton .......... — ...............—...... ..... .707
Boffuet ____________________ ___ —............. 615
Banks ................................................................750
Michelotti _____ ________________  .625
Hellham ............ ................................................ 705
Smeaton _____________ ___ ________  .631
6)4.033 
Mean =  .672
In  connection with the Illinois mill restorations, the failure of 
the early hydraulicians to account for the orifice contraction was the 
source of considerable confusion in the attem pt to develop a design 
practice as of 1800.
This practice was based largely upon the work of Oliver Evans, 
an American. In  1787, Evans published a book entitled “ The Young 
Mill-Wright and Miller Guide.”  I t  passed through several editions, 
the last of which was probably published in 1836.
The Evans book appeared at a very opportune time for America. 
The Revolutionary W ar was over and the newly born United States 
was faced with the problem of building up the industrial phase of 
its economic system in order to improve its position and assure the 
permanence of its independence. Steam engineering was then in its 
infancy so that water wheels formed the principal source of mech­
anical power during that early period of industrial advance. Thomas 
Jones writing in 1834 says that the great superiority of American 
mills over those of any other part of the world was due to the work 
of Evans. Like many other engineers and scientists some of his con­
temporaries did not appreciate him. Jones says:
“ Mr. Evans experienced the fate of most other meritorious in ­
ventors; the combined powers of prejudice and of interest deprived 
him of all benefit from his labors and like W hitney he was compelled 
to depend upon other pursuits for the means of establishing himself
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in the world. His regard, as an inventor, was a long continuous series 
of ruinous litigation and the eventual success of the powerful phalanx 
which was in league against him. ’ ’
Evans was much impressed by the work of Smeaton but he did 
not agree with Smeaton’s one-to-three ratio of wheel to water velocity 
for the undershot types. Evans reports that William Waring, a 
teacher in Friends College, Philadelphia, in 1790 read a paper, 
“ wherein he had shown that the velocity of the undershot water 
wheel to produce maximum effect must be just one half the velocity 
of the w ater.”
Evans quotes W aring ’s mathematical analysis which is practically 
the same as that used today. However, he did not agree with this con­
clusion and felt that Smeaton had been deceived by the imperfec­
tions of the model shown in Fig. 1. Through a deductive process he 
decided that the correct ratio of wheel to water velocity should be 
0.577.
Evans w asn’t very clear about the discharge through orifices 
and contrary to Smeaton and Banks he based his practice upon the 
theoretical spouting velocity and was therefore closer to the tru th  than 
his predecessors. Concerning orifices Evans says:
“ Of The Friction Of The Apertures Of Spouting Fluids. The 
doctrine of this species of friction appears to be as follows:
“ 1. The ratio of the friction of round apertures, is as their 
diameters, nearly ; while the quantity expended, is as the 
squares of their diameters.
“ 2. The friction of an aperture of any regular or irregular 
figure, is as the length of the sum of the circumscribing 
lines, n ea rly ; the quantities being as the areas of the aper­
ture, therefore
“ 3. The less the head or pressure, and the larger the aperture, 
the less the ratio of the friction; therefore
“ 4. This friction need not be much regarded, in the large open­
ings or apertures of undershot mills, where the gates are 
from 2 to 15 inches in their shortest sides; but it very 
sensibly affects the small apertures of high overshot mills, 
with great heads, where their shortest sides are from five- 
tenths of an inch to two inches.”
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In addition to treatises on mechanics and hydraulics, E vans’ 
book covers the entire range of the then extant water wheel types 
except the reaction wheel. He also includes in more or less detail 
practical discussions on the design of pumps, conveying apparatus, 
mill buildings and appurtenances, gears, gudgeons, and other p e r ti­
nent subjects. As an interesting sidelight, it may be noted that he 
coined the word, CUBOCH, to define a un it of power. This word 
seems to have completely disappeared from modern literature. In  
explaining his terminology for the amount of power available in a 
given stream Mr. Evans says, “ Multiply the cubic feet expended per 
second by its vertical perpendicular descent in feet and the product 
will be a true measure of the power per second. This measure must 
have a name which I call CUBOCH; this is one cubic foot of water, 
multiplied by one foot descent is one cuboch or the unit of power.”
The performance of grist and saw mills was rated by the number 
of cubochs which had to be applied to the wheel in order to saw 
logs or grind grain at a given rate. It appears that 112 cubochs of 
power were required to drive five foot diameter mill stones 97 revo­
lutions per minute. Under these conditions the stones would grind 
5 bushels of wheat per hour.
The term “ efficiency”  as applied to water power does not ap­
pear in these writings. The term “ ratio of power to effect”  had the 
same connotation. Smeaton’s experiments, using the recirculating 
device previously discussed on undershot wheels, showed ratios of 
from 10:7.6 to 10:5.2 or efficiencies of from 76 percent to 52 percent.
The research, in connection with the Illinois mill restorations, 
quite definitely establishes the fact that many of the American mills 
of 1790-1840 were planned and built in accordance with the theories 
and rules of practice laid down by Evans. W ith the aid of E vans’ 
treatise, and model tests conducted by Professor William J .  Putnam  at 
the University of Illinois on an old fashioned tub wheel, it  became 
possible to fit together the disjointed bits of available evidence intc 
logical plans for reasonably authentic replicas.
An interesting feature, disclosed by the reading and study of 
old treatises on mechanics and hydraulics, is the philosophical ap­
proach which was almost invariably used. The increasing use of 
mathematical expressions and coined words to provide greater facility 
for scientific expression throughout the past fifty  years seems to have 
tended to obscure the relationship of words and symbols to the na ­
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tural phenomenon which they represent. In  the 18th century, ex­
planations were in simple and related language.
I t  is true, however, that even then there was a strong tendency 
to formulize fundamentals and to develop the application of scientific 
principles to design and construction by means of a series of rules 
carefully expressed in logical numerical order. The growth of this 
tendency from 1729 to 1800 is marked by the difference between the 
language of Switzer and that of Evans. The introductory statement 
in the la t te r ’s book is as follows:
“ Although there are many good, practical workmen who are en­
tirely ignorant of the theory of mechanics as a science it will be uni­
versally acknowledged that an acquaintance with the general prop­
erties of m atter and the laws of motion would not only be gratifying 
to every intelligent mind but would introduce a certainty into many 
mechanical operations which would insure their success.”
P a rt  I I  is introduced th u s : ‘ ‘ W hat was said in the first part was 
meant to establish theories and to furnish easy rules—This part is 
particularly intended for the help of young and practical millwrights 
whose time will not admit of a full investigation of those principles 
and theories which have been laid dow n; I  shall, therefore, endeavour 
to reduce the substance of all that has been said to a few tables, rules, 
and short directions, which, if found to agree Avith experience, will 
be sufficient for the practitioner.”
The latter statement might be used verbatum to describe some of 
the educational processes in hydraulics today. I t  is entirely possible 
therefore, that some of our bad habits arc too steeped in tradition to 
be corrected. It may be comforting, however, to throw a portion of 
the blame on the teachers and scientists of the late 18th century.
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T H E RESULTS OF A MODEL STUDY OF
TH E CAMERON-RUTLEDGE MILL 
New Salem, Illinois 
by
William J . Putnam  
Professor of Theoretical and Applied Mechanics 
University of Illinois
The tests, at the University of Illinois, mentioned by Professor 
Doland, were undertaken for the information of the Department of 
Public Works and Buildings of the State of Illinois, which was trying 
to reconstruct, from rather meager data, the old Cameron-Rutledge 
Mill at New Salem, Illinois, in which Lincoln at one time worked. The 
tub mill or turbine runner, as they drew it up, was a wheel 64 inches 
in diameter with eight flat vanes each 30 inches high attached to a 
vertical, octagonal wooden shaft 15 inches in diameter across the 
flats. The scroll case was to be of wood staves with water admitted 
through a rectangular gate 30 inches high by 21 inches wide.
In  order to determine the characteristics of the above wheel, a 
model was built to a one-third scale as nearly as could be determined 
by scaling the drawings furnished. The wheel of the model was 21.3 
inches in diameter with vanes 10 inches high attached to a 5-inch 
octagonal shaft as shown in Fig. 1. The scroll ease was formed of 
galvanized sheet steel for ease of fabrication and forming, with an 
opening 10 inches high by 7 inches wide in the face of the dam. The 
size and location of the discharge opening in the floor of the wheel 
pit were not specified so various openings were used. These were cut 
in a circular sheet of galvanized steel and could be shifted by rotating 
the sheet.
A general view of the setup is shown in Fig. 2. The weight of the 
wheel and shaft was carried on a simple conical steel bearing 1'esting 
in a depression in a plank below the wheel while the top of the shaft 
was steadied by a ball bearing on a one-inch shaft as shown. The 
power output was determined by means of a P rony brake. The quan­
tity  of water used was determined by means of a calibrated six-inch
17
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F ig s . 1 a n d  2.— M odel  of N e w  S a l e m  T u b  W h e e l .
orifice in the twelve-inch supply line after the supply was adjusted to 
the head desired.
The first group of tests was run  at a constant head but with var­
ious sizes and locations of holes in the wheel pit floor. The best re ­
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suits were obtained with a 17-inch hole about one inch off center to­
wards the point where the scroll case became circular. This would 
correspond to a 51-inch opening 3 inches off center for the proto­
type.
The remaining series of tests were all run  with the floor open-: 
ing as stated above and the supply gate wide open but with various 
heads above the centerline of the gate and wheel as shown in Fig.
P ig . 3.— T e s t  o f  N e w  S a l e m  M odel  T u b  M il l  F u l l  G a t e  Op e n i n g .
3. A t each head setting a complete speed-power output curve was 
obtained and it may be observed that as the head was decreased the 
maximum efficiency increased reaching a maximum of 56.5 percent 
with a head of .67 feet. This would correspond to a head of 2 feet 
which was the design head for the prototype.
By using the ordinary turbine relations for wheels of an homolo­
gous series and points read from this last curve, the speed and power 
of the prototype were computed showing a maximum power output of 
slightly over 4 horse power at a speed of 26.5 r.p.m. with an input 
of 62.2 cubochs. The specific speed of this wheel'was ra ther low, be­
ing only 31.8, but this is much higher than the old undershot or over­
shot type of wheels. Clearances on the model were kept at about one-
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sixteenth of an inch and no trouble was experienced due to swelling 
even though the wheel was protected only by a coat of spar varnish.
The reason for the drop in efficiency as the head was increased 
was easily seen when the wheel was in operation. The wheel was open 
to the air (no top cover) and the spouting velocity of the orifice or 
gate opening at higher heads caused the stream to rise up the sides of 
the scroll case above the wheel and later fall back on top of the blades 
or even pass entirely around the case and fall on the entering stream. 
Incidentally, the peripheral speed of the wheel for maximum effi­
ciency was 55 percent of the theoretical spouting velocity of the jet, 
and for runaway speed the peripheral velocity was 106.7 percent 
of the theoretical spouting velocity.
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HYDRAULIC MODEL TESTING IN TH E SPOTLIGHT
by
Paul W. Thompson, Captain, C. E.,
Director, U. S. Waterways Experiment Station 
Vicksburg, Mississippi
R e m a r k s  o n  t h e  a t t a i n i n g  o f  m a t u r i t y  b y  t h e  s m a l l -s c a l e  m o del
So fa r  as the Engineer Department of the Corps of Engineers is 
concerned, hydraulic model testing has been in the spotlight now 
for ten years. That is to say, the U. S. Waterways Experiment S ta ­
tion soon will be ten years old. To paraphrase the classic advice of 
Sir Osborne Reynolds, during these ten years there has been scarcely 
a single instance of the undertaking of a major project by the Engi­
neer Department without benefit of model analysis. Similar state­
ments could be made for the other engineering and constructing agen­
cies of the Federal Government: for the Bureau of Reclamation, for 
TVA, etc. Indeed, the small-scale model has been so long in the spot­
light as to prompt the thought that the latter might well be turned 
off. Not that the importance of the small-scale model is decreasing; 
rather, that its importance now is taken for granted. The small-scale 
model has become an accepted and proven aid to the designing engi­
neer, and as such it is entitled to the prestige, dignity—and anony­
mity—of, say, the slide rule.
As the small-scale model has reached maturity, technical develop­
ments have proceeded apace. The heavy, movement-resisting, riffling 
sand beds of 1930 have given way to the relatively easy-to-move coal 
beds of today; the crude, hand-controlled, tide-making devices of 
1933 have given way to the streamlined, electrical-mechanical devices 
of today; and so on. But of significance at least equal to that a t ­
tending the development of technical details has been the develop­
ment of the model specialists now to be found in many hydraulics 
laboratories over the country. In  that connection, a typical and great 
example is the University of Iowa. D uring the past ten years there 
have issued from the Institute of Hydraulic Research (and from the 
Engineer D epartm ent’s Suboffice there) reports on many interesting
21
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model analyses; but at the same time there has grown up a corps of 
skilled specialist-engineers who now form a priceless adjunct to the 
profession of Civil Engineering.
There is still another development of the past ten years worthy 
of note even in a paper as short as this one. Reference here is made 
not to the engineers who have become skilled model specialists, but 
rather to the much larger number who have become generally famil­
iar with the pbssibilities and limitations of the small-scale model. The 
day of the knowledgeless extremists seems happily over. No longer 
(or seldom) does one encounter the arch standpatter who can see no 
good at all coming from a stream of water no larger tlian the one 
which fills his hath tub. No longer (or seldom) does one encounter the 
arch optimist who thinks that he can tu rn  any problem, no matter 
how difficult, over to the laboratory and be assured of a precise, 
economical solution three weeks from now. By and large, designing 
engineers have come to recognize the model for what it is: a valuable 
tool in some cases, a worse than useless one in others.
T h e  H y d r a u l ic  R e s e a r c h  C e n t e r  i :
In  the Engineer Department, especial care has been taken to 
insure the advantageous use of the small-scale model on the one hand, 
and to guard against its abuse on the other. Reference here is made 
to the Engineer D epartm ent’s Hydraulic Research Center, an agency 
now almost two years old, located at the U. S. Waterways E xperi­
ment Station. Any District Engineer in the country is free to cor­
respond directly with the Center. In  the case of a possible model 
study, the procedure is about as follows: the District Engineer states 
his problem; whereupon, the Center enters its files, bibliographies 
and library and proceeds to advise the District Engineer as to : data 
already existing which may tend to help resolve his problem ; benefits 
which might reasonably be expected from a model study; and, costs 
and time likely to be involved in the study. This addressing of the 
Research Center in the case of the possibility of a model study has 
become a routine m atter in the Department. As a result, the great 
mass of existing data has been put to better use, and in more cases 
than a few the necessity for undertaking a model study has been 
obviated!
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S t u d i e s  t h a t  got a w a y
The spotlight may now be plied to advantage on some indi­
vidual cases. These cases have been chosen with a view to illustrating 
not only technical details, but also the general soundness of the science 
of model analysis, year 1939.
In  furthering the latter-mentioned point, it may be useful tc 
cite a few of the studies which “ got away.”  F or example, there was 
the case of the proposed canalization of a great midwestern alluvial 
stream. The problem was this: to what extent would the pools above 
the dam silt up? The District Engineer thought of a model study. 
It was the sad duty of the Research Center to report that the quan­
titative simulation of shoaling phenomena so far has remained be­
yond the abilities of the model-experimenter.
In  another instance it was necessary to determine flow condi­
tions in a virgin channel—for flood discharges more than twice 
as great as the largest discharge of record. Basic data concerning 
such floods as had been experienced in that river were scant. The 
Research Center therewith reported that results from the proposed 
model likely would be little more reliable than good estimates. Since 
the model results would have been dozens of times rriore expensive, the 
estimators got the job.
Again, there was the case of the outlet works for a large flood- 
control dam now under construction. Technically, the model study 
as proposed would have been simple. However, the Research Center 
found that data already existing—data obtained from several of 20- 
odd similar model studies—were sufficient to answer substantially 
all questions at issue. Instead of a new model study, there was a 
parcel-post shipment of reports of old model studies.
Finally, comes the example of the tidal inlet. Currents under a 
bridge were difficult for navigation, and the question of a model 
study arose. The Research C enter’s investigations showed a model 
study to be practicable—but the model would need be designed for 
the reproduction of tidal phenomena. That is to say, the model 
would be expensive. On seeing the C enter’s cost estimates, the Dis­
trict Engineer noted that they alone were in excess of the costs of 
the proposed works. Wherewith, the District Engineer decided to do 
his experimenting on his already-available 1-to-l model.
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R e m a r k s
In  plying the spotlight on the studies which materialize, a ques­
tion of selection presents itself. A t the U. S. W aterways Experiment 
Station, there are currently under way 16 individual model studies. 
According to the latest quarterly reports, this number is at least 
doubled by including the studies being accomplished for the Engineer 
Department in other laboratories. Each and every one involves a 
problem that is difficult—that statement being proved prim a facie 
by the very fact that the designing engineer concerned was at such 
low ebb as to put the problem in a laboratory. Meanwhile, time and 
space preclude consideration of more than a very few individual 
studies. The conclusion is to consider first, a typical river-flood 
problem ; and second, a typical river-navigation problem.
T h e  J o h n s t o w n  F lood-C o n t r o l  M odel, S t u d y
The spotlight first is turned on one of the nation’s great flood 
problems: the problem at Johnstown, Pa. The situation a t Johnstown 
is indicated on the map (Fig. 1). Stony Creek and the Little Cone- 
maugh river unite at Johnstown to form the Conemaugh river. The 
mean flow of the Conemaugh is about 1000 c.f.s.; the maximum flood
F ig . 1 .— E l e m e n t s  o f  t h e  F lood  P r o b l e m  a t  J o h n s t o w n , P a .
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of record (March, 1936) had a discharge of about 80,000 c.f.s. The 
city of Johnstown and its suburbs occupy almost 100 percent of the 
flood plain. Whenever the r iv e r’s discharge exceeds about 25,000 
c.f.s., flooding of the city begins. The shaded areas on the map in­
dicate the extent of the inundation during the great flood of 1936. 
At that time, water in the Johnstown streets was from 10 to 20 ft. 
deep.
The flood control plan for Johnstown contemplates channel im­
provements designed to increase the capacity of the Conemaugh and 
its tributaries so as to carry between banks a flood similar to the 
one of 1936. The purpose of the model study under discussion was to 
indicate the extent and characteristics of the improvements neces­
sary approximately to triple the capacities of the Johnstown channels.
The characteristics of the model designed to handle this prob­
lem may be stated : the model to include all of the problem-area 
(this being shown on the map) ; the model to have a fixed bed, sus­
ceptible of each change in configuration, and susceptible of easy 
change in roughness of wetted surfaces; the model to have scale ra ­
tios as large as practicable (those actually adopted being: horizontal 
dimensions, 1 to 280; vertical dimensions, 1 to 80) ; the model to be 
operated in accordance, so far as practicable, with the similitude re ­
quirements of the force of gravity (indicated velocity scale, 1 to 9 ; 
actually obtained velocity scale, about 1 to 8) ; roughness of wetted 
surfaces of model to be determined from calculations based on rough­
ness coefficients to be expected on the finished prototype.
Tests on the model consisted chiefly of the catagorical installa­
tion in the model of various shapes of channel, and the obtaining for 
each of water-surface profiles, velocities and general flow data. The 
purpose of the model study was to be accomplished by finding the 
most economical configuration which provided the given channel 
capacities. Since the city is built practically to the banks of the 
rivers (and, in fact, is built out over them in some cases), the changes 
in configuration of channels had to do chiefly with depths. Views 
showing certain effects of a plan which is almost the best one are pre­
sented in Fig. 2.
The Johnstown tests are now drawing to a close. The experi­
menters have reached that pleasant stage of proceedings where their 
concern is with minor refinements to a plan known to be satisfactory 
in its essential elements. Generally speaking, that plan involves a
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F ig . 2.— E f f e c t s  o f  C h a n n e l  I m pf .o v e m e n t , J o h n s t o w n , P a .
T Y P IC A L  DATA FR O M  M O D EL
PA. RR, BR ID G E, S A M E  B R ID G E ,--------------
C R E S T OF F L O O D . S A M E  F L O O D ,
M A R C H .1 9 3 6 IM PR O VED  C H A N N E L
F ig . 3.— E l e m e n t s  o f  t h e  N a v ig a t io n  P r o b l e m ,  M a n c h e s t e r  I s l a n d s , O h i o  R iv e r .
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deepening of channel by about 30 ft. (present average depth: 20 ft.) ; 
a smoothing of channel banks and beds (and a program to insure 
keeping them sm ooth); and, some minor realignments, bridge relo­
cations, widenings, etc.
T h e  M a n c h e s t e r  I s l a n d s  M od el  S t u d y
On its final swing, the spotlight can do no better than pick up a 
subject which, instead of involving too much water, involves too little. 
The change is from Johnstown floods to Ohio river low-waters. Spe­
cifically, the reference is to the Manchester Islands reach of the Ohio, 
located about 60 miles above Cincinnati. The situation at Manchester 
Islands is shown on the map (Fig. 3). The two Manchester Islands 
divide the channel into three sub-channels. Present navigation is 
through the left (Kentucky) channel. During periods of low water in 
the late summer and fall, shoals form as indicated, and considerable 
dredging is necessary in order to maintain project (9-ft.) depths. 
The purpose of the model study under discussion was to develop a 
system of improvement works which would eliminate or minimize the 
dredging operations.
Actual design of the Manchester Islands model could proceed 
only after an extensive program of data-gathering in the field. Since 
the essence of the problem was in movement of materials along the 
bed of the river, the matter of the composition of the bed was espe­
cially critical. An important (and expensive) part of the data-gath­
ering program had to do with probings of the river bed.
As finally designed, the characteristics of the Manchester Islands 
model were these: area reproduced in model, as shown on Fig. 4; 
scale ratios, model-to-prototype: horizontal dimensions, 1 to 300 and 
vertical dimensions, 1 to 80; model bed material, a light (specific 
gravity 1.35) fine coal, calculated to move freely under velocities re ­
sulting from a velocity scale of about 1 to 9 (that being the correct—• 
gravity—scale ratio ; actually, in order to obtain adequate move­
ment, it became necessary to increase model velocities to accord with 
the ratio about 1 to 7.5).
As in any “ movable-bed” model, the important and difficult 
phase of the Manchester Islands study was that involving the ad­
justment (verification) of the model. In  the case at hand, the ad­
justment consisted of manipulating such items as composition of
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gravel bars, water-surfaee slopes, roughness of banks, etc., until the 
changes occurring in the configurations of the model bed were 
geometrically similar to those known to have occurred in the con­
figuration of the prototype bed. The matter is worthy of illustra­
tion. The upper map of Fig. 4 indicates a prototype survey made d u r­
ing the low water of 1936. Before undertaking the successful veri-
fication attempt, the model bed had been molded to a prototype sur­
vey of 1935. Stages corresponding to average hydrographs were run 
through the model, and the experimenter was gratified (he celebrated 
that night) to find that he had hit upon that combination of ad­
justments which gave him the satisfactory comparison shown by the 
two maps. His model was verified, and his remaining way was all 
down hill.
I t  is to be noted that the process of verification here illustrated 
forms the basis for what confidence one can have in a model study 
such as the one under discussion. The process has many shortcom­
ings—shortcomings which have been adequately discussed in the en­
gineering press. Suffice it here to note that the process of verifica­
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tion gives a model in which the resultant of all forces is acting to 
produce effects similar to those produced by the resultant of all pro­
totype forces. Any individual component-force may or may not be 
correctly represented in the model. Obviously, a model adjusted by 
this process cannot be expected to give results precisely and quanti­
tatively accurate.
I t  appears that in the improvement of American rivers, the point 
has been reached where the only problems remaining are those deserv­
ing the good engineering adjective “ tough” . Like many other prob­
lems which find their way into a laboratory, the Manchester Islands 
problem has proved to be a stubborn one. All the obvious possibilities 
soon were tested and found to be wanting. F or instance, the closing 
of the right bank (Ohio) channel was found to result in increased 
flow down the left bank (Kentucky) channel; but, on the other hand, 
such closure resulted in a ponding tendency above the islands which 
operated actually to increase shoaling there.
Failing to develop readily a satisfactory improvement plan, the 
tests were diverted to an attem pt to indicate how better use might
F ig . 5.— A n a l y s i s  o f  V e l o c it ie s  a n d  C u r r e n t s , M a n c h e s t e r  I s l a n d s  M o d el .
be made of the dredges. This attem pt consisted of a thorough analy­
sis of velocities and currents, with a view to locating areas where 
spoil might be deposited without danger of returning to the chan­
nel. Data from this study are illustrated in Fig. 5. The study in­
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dicated, for instance, that spoil could be advantageously deposited at 
Areas A, C, and F . Spoil deposited at Area B probably would be 
eroded and deposited on the bar below Island No. 1. Spoil deposited 
at Area D probably would be eroded, most of it being moved into 
the navigation channel. Much of this material likely would be de­
posited below the foot of Island No. 1. Spoil deposited at Area E 
probably would be slowly eroded, much of the material being re­
deposited on the bar extending from the foot of Island No. 1 toward 
the Kentucky bank.
Thus, the Manchester Islands study appears likely to indicate 
that the best method of maintaining navigable depths through the 
reach in question is by periodic dredging. As has been noted, the 
study has indicated means of making the dredging operations more 
efficient.
T u r n i n g  O f f  t h e  S p o t l ig h t
As we prepare to damp the spotlight, one is moved to reflect 
on the differences between the picture it has illuminated as against the 
picture it could have illuminated ten years ago. One is moved fu rther 
to reflect on the picture it may well illuminate when plied by abler 
hands ten years hence. By that time, it may be that such things 
as caving banks and deposition in reservoirs no longer defy precise 
simulation. Only one thought arises to mar this alluring picture: 
the thought that, when experimenters get so efficient and smart as 
all that, then very likely designing engineers will know so much that 
they no longer will need small-scale models. Actually, the probability 
is that no such extremes will materialize. I anticipate that ten years 
from now designing engineers will still be tu rning to the model when 
the going gets to u g h ; and, I anticipate that the experimenter still will 
be doing simply the best he can with the materials and tools available. 
I  anticipate that in many cases the best the experimenter can do still 
will be better than the best anyone else can do.
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CRITERIA  FOR SIM ILARITY
IN TH E TRANSPORTATION OF SEDIM ENT
by
H unter Rouse 
Associate H ydraulic Engineer 
Cooperative Laboratory, Soil Conservation Service 
California Institute of Technology 
Pasadena, California
S im i l it u d e  a s  a  S u b s t i t u t e  for F u n c t i o n a l  A n a l y s i s
Any phenomenon of fluid motion may be described mathemati­
cally by means of a functional relationship among a group of dimen- 
sionless parameters so constituted as to include the one dependent 
factor to be studied and all the independent quantities which gov­
ern its variation. Were the forms of these functional rela/tionships 
known for all phases of hydraulics, there would be no need what­
ever of investigating the behavior of projected engineering works by 
means of laboratory models. However, in most cases these complex 
functions are at best only qualitatively understood, and one must gen­
erally resort to the principle of similitude as a practical substitute 
for rigorous or even approximate functional analysis. This principle 
merely embodies the fact that flow in a model will be dynamically 
similar to that in its prototype if all dimensionless parameters de­
scribing the flow in the model are numerically equal to the correspond­
ing parameters for flow in the prototype. There is obviously no 
necessity of knowing how the several parameters are functionally 
interrelated, but for complete similarity it is essential that they in ­
clude every variable which has an influence upon the fluid motion.
It is already a truism of hydraulic model testing that complete 
similarity is a goal which may often be approached, but seldom at­
tained so long as one is forced to use the same fluid in the model as 
that Which flows in the prototype. The discrepancies between perfect 
similarity and that actually obtained become the greater as one be­
gins to deal with the movement of sediment by flowing water. In ­
deed, sediment transportation is perhaps the most complex problem
33
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of hydraulics, combining as it does all the difficulties of unsteady, 
non-uniform flow of water in open channels, with temporal change 
of the boundary configuration. Thus, any river displays not only a 
general downstream movement of sediment which varies with the 
seasonal rate of discharge, but phases of local scour and undercutting 
of banks on the one hand and phases of local deposition on the other. 
While fundamental research on sediment transportation is still re­
stricted to the movement of bed load and suspended load in steady, 
uniform flow, model studies must seek to reproduce all major var­
iations taking place in the prototype. I t is often necessary, however, 
to sacrifice even approximate similarity in some respects in order to 
obtain more satisfactory results in specific phases of the motion; un ­
fortunately, the validity of these results can be ascertained only by 
conducting model studies at various scales and extrapolating to pro­
totype size, or by eventual comparison with prototype behavior. This 
unhappy situation will not be improved, it would appear, so long as 
it remains necessary to regard the grain size of the sediment as a 
geometrical characteristic subject to the same scale reduction as the 
other linear dimensions.
For the formulation of more general principles of sediment sim­
ilarity than now exist, three lines of attack are at hand: (1) One 
may use as a guide the various empirical equations already available, 
as in the case of bed-load movement. (2) One may tu rn  to theoretical 
analyses, still only partially tested experimentally, as in the case of 
sediment suspension by fluid turbulence. (3) For cases of motion 
as yet untouched either experimentally or analytically, one may ob­
tain  the essential results by a combination of dimensional and physical 
analysis, supplemented by a systematic experimental check. In  the 
following pages each of these methods will be illustrated.
S e d i m e n t  C h a r a c t e r is t ic s
Parameters governing the transport of sediment by flowing water 
must necessarily include all effective geometric, flow, and fluid char­
acteristics, and in addition the properties of the sediment itself. The 
characteristics of the fluid motion have been discussed elsewhere in 
considerable detail, but those of the sediment w arran t amplification 
at this point. These include the size distribution, shape, and density 
of the individual grains, and the state of the bed as a whole.
Sediment density needs no further comment. Particle shape will
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likewise receive little mention herein, owing to the difficulty of meas­
uring and expressing shape factors in a simple, representative fash­
ion. I t  must suffice to note that in general the sphericity and round­
ness of natural sediment grains decrease with decreasing grain size, 
and that the crushed materials often used in the laboratory possess 
shape factors quite different from the natural product. The degree of 
compaction of a sediment bed is only partly  dependent upon the sed­
iment characteristics, for a given sediment may display different de­
grees of compaction for different loads or different manners of de­
position. However, it must be assumed at present that all materials 
under discussion are deposited in the same manner, and that the 
porosity of the bed depends only upon the other sediment properties.
Grading characteristics of sediments are probably of fa r more 
importance in transportation studies than is usually believed, and it 
is imperative that significant parameters be adopted for the size 
distribution. Mechanical analyses of size1 are now customarily plotted 
in the familiar histogram, with geometric (logarithmic) gradation of 
nominal diameter (Fig. la ) .  As the class intervals become smaller,
0
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F ig . 1 .— D e f i n i t i o n  S k e t c h e s  f o r  t h e  S iz e - F r e q u e n c y  C h a r a c t e r i s t i c s  o f
S e d i m e n t .
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the histogram approaches the smooth curve of the size-frequency 
diagram shown as a broken line, the vertical scale of which (per cent 
per class interval, designated by % ' in Fig. lb )  is so adjusted as to 
make the enclosed area equal to 100%. The geometric mean diameter 
of the corresponding grains is obtained from the first moment of this 
area about an arb itrary  vertical axis; this prim ary param eter is in ­
dicated by the abscissa of a vertical line passing through the center of 
gravity of the area under the smooth curve. The standard (.root-mean-, 
square) deviation from tliis mean—i.e., the radius of gyration of the 
area about the mean line—is obtained from the second moment. 
Similarly, the skewness (asymmetry) of the curve is obtained from 
the th ird  moment, kurtosis (foreshortening of the peak) from the 
fourth moment.
Natural sediments deposited under constant conditions are char­
acterized by size-frequency diagrams approaching the logarithmic 
form of the normal error curve. Since the error curve possesses neith­
er skewness nor kurtosis, it is evident that it may be fully defined by 
its geometric mean and by the standard deviation from this mean. 
Departures of natura l sediments from this type of size distribution 
are of no practical importance to the present discussion, the third 
and fourth moments henceforth being ignored.
Since the abscissa scale of the size-frequency diagram is loga­
rithmic, the first moment is really the logarithm of the length dm and 
the second moment the difference between two logarithms or the 
logarithm of a length ratio: log o-d=log da/ d m =  log dm/ d b. Thus, 
dm is a measure of the position of the frequency diagram on the size 
scale, and <rd a measure of the grading. Obviously, either param eter 
is independent of the other, sediments having the same proportional 
range in size being characterized by the same numerical value of 
regardless of the magnitude of dm. Thus, w ith reference to Pig. 1, 
curves A, B, and C represent sediments possessing the same degree 
of sorting (<r<i =  2) but different mean diam eters; curves A and D, the 
same mean diameters but different degrees of sorting (aa =  2, 
<rd= V 2 ) ; curves E and F, different directions of skewness but the 
same values of dm and <rd as curve A.
Determinations of dm and ad may easily be made from a cumu­
lative plot of the mechanical analysis on logarithmic probability 
paper. W ith these coordinates the logarithmic form of the normal 
error curve becomes a stra igh t line (Fig. 2), its position varying
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with dm, its slope with ad. The m agnitude of ad is given by the 
ratio  of dm to the intercept at the 15.9 per cent line or the ratio of 
the 84.1 per cent intercept to dm. I t  so happens th a t many skewed 
curves (E and F  of Figs. 1 and 2) may be approxim ated in form by 
two terms of a logarithmic G-ram-Charlier series, the la tter function 
invariably coinciding at the 15.9 per cent and the 84.1 per cent points 
with the normal error function having the same values of dm and ad.
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The mean and the standard deviation of skewed curves may therefore 
be obtained with sufficient accuracy for most practical purposes by 
passing a straight line through the 15.9 per cent and 84.1 per cent on 
the skewed plot, dm and ad then being found from the straight line as 
before. Not only are these parameters of great importance in the 
study of actual sediments found in nature, but they may well serve 
as two fundamental parameters to be varied systematically in the lab­
oratory study of sediment transportation.
Such characteristics as permeability and angle of repose of the 
sediment grains cannot be regarded as independent characteristics, 
for they are governed wholly by the basic properties of sediment and
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fluid. Although the fall velocity of the individual grains is likewise 
a dependent characteristic varying with many factors of sediment 
and fluid, it is often treated as a basic variable in sediment research. 
Such use of the fall velocity in place of the other sediment charac­
teristics is permissible when the latter have no individual effect upon 
the phenomenon, but this substitution should invariably be subjected 
to careful study before one accepts the simplified mathematical results 
which the method permits.
S im il a r it y  i n  B e d -L oad  M o v e m e n t
The most important advancement in the study of bed load in re ­
cent years is Shields’ analytical and experimental proof that the ini­
tial movement from a level bed of sediment is governed by the ratio 
of mean sediment diameter to boundary-layer thickness.2 Shields 
reasoned that
the form of the function <j> being obtained from experiments with 
crushed amber, lignite, barite, and sand. Shields reasoned that shape 
and compaction factors should also have an influence upon the motion, 
but 110 such influence was detected in the experiments. The effect of 
<t , i  was not studied, all sediments having approximately the same de­
gree of sorting; nevertheless, this factor is probably a very essential 
characteristic in cases of different size distributions.
A purely dimensional analysis might have yielded the expression
(not to mention various others of even more complex form), indicat­
ing that for similarity of initial movement y*/y, dm/8, and <jj. must 
be numerically identical in model and prototype. Shields’ analytical 
and experimental studies showed, however, that certain of these fac­
tors could be combined, so that for sediments of similar grading char­
acteristics the ratio dm/S  appears to be the sole criterion for simi­
larity  of initial movement from a level bed. That dm must be a basic 
factor in this case is evident from the fact that the grain size governs 
the absolute bed roughness so long as the bed remains level. On the
(7, — y)  dm' V 5
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other hand, Shields’ experiments indicated that the magnitude of dm/S 
determines as well the form of the initial bed undulations, ripples ap­
pearing at small values of dm/B and long bars at large values—a point 
of fundamental importance in the attainm ent of bed similarity.
Since the rate of bed-load movement has not as yet been subjected 
to rational analysis, only purely empirical expressions are at hand 
upon which to base similarity criteria. Any such empirical relation­
ship, it must be noted, is dependable for this purpose only within the 
range of experimental check, and cannot be generalized with safety. 
Using Shields’ transport equation
G  _ 1 n q T - T c
Q _ (7S ~ y)  dm
for the sake of convenience, it would seem that the ratio of sediment 
discharge by weight (measured under water) to the water discharge by 
weight should depend only upon the parameter S ( T —T c) / { y s—y )d m. 
Again, however, the expression was developed from studies on uni­
form materials, and was restricted to cases in which viscous shear at 
the bed was negligible in comparison with turbulent shear. There­
fore, in order for such a criterion to hold, it would seem essential that 
ad be approximately the same in model and prototype and that the 
Reynolds number be of the same order of magnitude. Needless to say, 
the Reynolds number in many model studies is fa r too low to eliminate 
the effect of viscosity in the boundary region.
While dm is obviously a prim ary sediment characteristic in initial 
phases of bed movement, its role in advanced stages of transportation 
is less apparent—in particular since it is not the grain size, but that 
of the bed irregularities, which governs the bed roughness. I t  is a 
noteworthy fact that all experimental studies of sediment movement 
have been arbitrarily  restricted to cases in which little or no material 
is carried into suspension—the latter being a phenomenon in which, 
for the most part, d,„ is definitely not a pertinent factor.
S i m il a r it y  i n  t h e  T r a n s p o r t a t io n  of  S u s p e n d e d  L oad
Since the suspension of sediment in flowing water is governed by 
the turbulence of the flow, it is possible to express the relative form 
of the sediment-distribution function in terms of the fall-velocity char­
acteristics of the sediment and the distribution of turbulence over the
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vertical section; the latter, in turn, is a function of the velocity dis­
tribution, while the fall-velocity characteristics may be defined in 
terms of wm, the geometric mean, and <rw, the geometric standard de­
viation of w from this mean—weight frequencies being used exactly as 
in the case of the sediment diameter. The distribution of sediment over 
the vertical section is then a function of the following form :3
Herein, Ca is the weight concentration of the sediment at some arbi­
tra ry  level a, while V T/p  is the so-called friction velocity, equal to 
"FV//8. The form of <£ depends upon the distribution of turbulence, 
which varies with the velocity distribution, which (for fully developed 
boundary roughness) depends in tu rn  upon /, or upon the relative 
roughness k/D ,  and upon the mean velocity of flow.
Since Ca is an independent variable in this function, the total 
amount of material transported in suspension is still indeterminate. 
I f  one regards the advanced state of sediment movement as the result 
of fluid turbulence over the entire flow section, it would seem reason­
able to replace C„ by C0, the bed concentration, and to make a propor­
tional to k, the absolute roughness of the bed. \J T /p  may be replaced 
by V  alone, since /  varies only with Jc/D. The total rate of transport 
would then have the form
This expression has a reasonable, though hypothetical, basis and has 
yet to be verified experimentally. Were it to prove valid, the terms 
C0, k /D ,V /w m, and <xw would be the sole criteria for similarity of sedi­
ment discharge under moderate concentrations, provided only that 
the bed resistance did not depend upon the Reynolds number in either 
prototype or model.
S im il a r it y  i n  S cour  P h e n o m e n a
Although the phenomenon of localized scour has been subjected 
to surprisingly little systematic study, it depends upon essentially the 
same geometric, flow, fluid, and sediment characteristics as any gen­
eral problem of sediment transportation in unsteady, non-uniform
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flow. As in other cases involving the movement of sediment by water, 
it is not safe practice to combine all pertinent variables by simple 
dimensional analysis, for the elementary manner of applying the 
II-theorem presumes that the problem involves the motion of a homo­
geneous fluid, which is fa r from the case; as a result, this method will 
invariably lead to a parameter of the form dm/D, making the sediment 
diameter once and for all a basic geometrical factor subject to exact 
scale reduction in the model.
As a matter of fact, the most general phase of sediment transpor­
tation is a combination of two distinct types of motion—that of a fluid 
relative to geometrical boundaries, and that of granular solids rela­
tive to the moving fluid, the latter motion producing in addition a 
gradual change in the boundary geometry. The actual function, there­
fore, must be a composite one, the dimensional analysis of which has 
not yet been rationally approached. Under such circumstances, one 
is tempted to assume that the relative motion between sediment and 
fluid is proportional to the normal settling velocity of the individual 
sediment grains, this velocity of fall then being used in the customary 
application of the II-theorem, and all related sediment characteristics 
being ignored.
Consider, for instance, a simple case of scour in which such fluid 
characteristics as weight and viscosity have no effect upon the flow 
itself, and upon the sediment movement only insofar as they vary the 
magnitude of wm. I t  is desired to express the relative depth of scour 
s as a function of time, mean velocity of inflow, and the sediment char­
acteristics w,n and (tw. I t  follows that
a being some length characteristic of the boundary geometry. The 
case is, to all appearances, conveniently simple; however, final accep­
tance of such a hybrid product of dimensional analysis must remain 
subject to experimental studies in which each of the individual fac­
tors is varied over a considerable range.
E x p e r im e n t a l  P r o c e d u r e
In  order to test the validity of the foregoing relationship, the 
boundary conditions shown in Fig. 3 were chosen arbitrarily. W ater 
is fed under constant head from a portable supply system to a small,
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glass-walled tank 6 inches in width, the inflow being given the form 
of a vertical jet impinging on an originally level bed of prepared sand. 
The course of the scour with time is mapped with wax pencil on one 
glass panel, the profiles finally being traced full scale on coordinate
paper for perm anent reference. 
I t " R u n s  of from 3 to 24 hours dura-
tion (depending upon the ra te  
0,> S(‘0lu') have been made to 
ffl date oil three different sands of
*v . e s s e n t i a l l y  the same <rw, pre­
pared by a combination of water, 
a i r ,  and sieve classification 
(sand characteristics are shown
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in Fig. 5). In  addition, each sand has been studied under a %-scale 
reduction of all geometrical proportions except flume width. Through 
successive changes in discharge, every series of runs has included as 
great a variation in the ratio V /w m as operating conditions would
permit.
A family of profiles obtained 
with Sand I I  at full scale and 
constant jet velocity is shown 
schematically in Fig. 6. Evi­
dently, the linear characteristics 
of the scour hole vary by ap­
proximately constant increments
F ig . 6 .— P r o g r e ss iv e  D e v e l o p m e n t  o f  t h e  as successive time intervals 
S c o u r  P r o f il e  a s  a  F u n c t i o n  o f  T i m e . double in magnitude, suggesting
at once an exponential relation­
ship between scour and time. How­
ever, it will be noted that during this 
particular run  the length increments 
abruptly  increase in magnitude, in­
dicating some break in the continuity 
of the function. Investigation of this 
discontinuity disclosed the fact that 
two distinct regimes of flow are pos­
sible, the jet either being deflected 
through nearly 180° (Fig. 7a) or fol­
lowing the boundary of the scour as 
far as the crest of the dune (Fig. 7b). 
The depth of scour at which a transi­
tion from the former regime to the 
latter will occur was found to vary 
with the velocity of the jet, the fall 
f i g .  7 . F l o w  p a t t e r n s  f o r  ( a )  velocity of the material, and the boun- 
m a x i m u m  ¿™le((J,t)I0^ inimum Jet dary scale, the jet pendulating be­
tween its two limiting forms as the
critical stage is approached.
For either regime, the actual removal of material from the scour 
hole is purely a phenomenon of suspension. Any material falling upon 
the upstream side of the dune gradually slides back toward the zone 
of excavation, only to be carried again into suspension as it meets the
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deflected jet. In  the regime of Fig. 7b (minimum jet deflection) the 
actual transporting velocities of the fluid are fa r higher than in the 
case of Fig. 7 a, despite the fact that the velocity of inflow is some­
what low er; as a result, although considerably less material is in sus­
pension, more is carried over the crest before settling out. In  select­
ing a characteristic depth of scour
H
s for purposes of comparison, one 
must therefore distinguish be­
tween a factor showing merely the 
amount of material excavated and 
one showing the amount carried 
permanently beyond the excava­
tion zone. The depth of the scour 
hole itself is of the former cate­
gory, for at a given position of the 
dune crest it varies with V, wm, 
and the boundary scale. On the 
'M  o t h e r  h a n d ,  w h e n e v e r  t h e  H o w  is
■; '• ■ " f.ys f  se t t les  ou t  a n d  t h e  d u n e  s lope  ad
lU, ' .¡l l s ,s  i t s o l f  to  the  n a t u r a l  a n g l e  o f
f r e p o s e  o f  t h e  m a t e r i a l — a s lope es-
I  o p e r a t i o n .  A c c o r d i n g l y ,  t h e  v a r i a -
■ M  ble s was chosen as the intercept 
on the vertical jet boundary of a 
sloping line tangent to the face of 
the dune near its crest (see Fig. 
6) ; its angle of inclination was 
slightly greater than 29° for Sands I and II, and somewhat over 30° 
for the more angular Sand II I .
F i g . 8 .  T y p i c a l  S c o u r  R e g i m e s  a t  
T w o  S l i g h t l y  D i f f e r e n t  R a t e s  o f  D i s ­
c h a r g e  : A b o v e ,  M a x i m u m  J e t  D e f l e c ­
t i o n  ; B e l o w ,  M i n i m u m  J e t  D e f l e c t i o n .
D i s c u s s i o n  of  R e s u l t s
All data obtained thus far with Sands I, II , and I I I  at both full 
and half scale are reproduced in Fig. 9, s/a  being plotted against 
log wmt/a  for various values of V /w m (points shown as squares refer 
to the regime of maximum je t deflection, circles to that of minimum 
deflection). A t once apparent is the systematic variation of the slope
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of the curves of either regime with V /w m; in fact, the slope is directly 
proportional to V /w m—1, indicating a zero rate of scour for V /w m =  1 
—a fact which is quite reasonable, since it is the jet itself, rather than 
secondary eddies, which accomplishes the scouring action. Further 
investigation will show that in each regime all curves characterized 
by the same magnitude of V /w m will be superimposed if shifted hori­
zontally by an amount proportional to the logarithm of wm, the con­
stant of proportionality having the value 3.
Such displacement of all curves, followed by multiplication of
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the resulting abscissa values by the quantity V /w m—1, should then 
produce a single functional trend for the data of either class. In Fig. 
10 is shown such a composite plot of all available measurements for 
the two distinct regimes (i.e., exclusive of runs in which the transi­
tion took place), only the upper two curves of Series I I I2 having been 
eliminated because of unsatisfactory agreement. While a considerable 
scatter of plotted points is apparent, this condition is typical of all 
experiments on sediment transportation, and it is felt that the two 
curves passed through the points indicate the functional trends with 
good approximation. As a matter of fact, the actual forms of these
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functions are of no further concern in the selection of similarity cri­
teria, for a glance at the ordinate and abscissa scales of Fig. 10 will 
show that the conclusions reached through the dimensional analysis 
of the problem are fully verified—with one exception: the abscissa 
term includes a dimensional factor v which was not foreseen in the 
preliminary analysis. This factor necessarily has the dimension of 
a velocity, in order that the ratio wm/ v  may be properly dimension- 
less, and it must have the magnitude 5.25 for all three sands if the 
functional curves are to pass through the origin ; while its significance 
is not fully clear, it might be regarded as the ratio of a to t0, the latter 
being some initial time factor dependent upon the model scale—-or, 
perhaps, v is proportional to y/p/p, in which p  is a characteristic bear­
ing or shear capacity of the material which tends to oppose the scour­
ing action.
As has already been mentioned, the value of s/a  at which the tran ­
sition from one regime to the other 
takes place varies with V, wm, and
of the two scales already investigated, the points being obtained from 
Fig. 9 and the width of the shaded areas from exploratory tests for 
each of the sands and boundary scales.
As yet no detailed investigation has been made of the effect of 
sediment grading. From Fig. 5 it was seen that the standard devia­
tion of particle size was essentially the same for all three sands, the 
assumption being made that with such narrow sorting <tw could then 
be treated as a constant. For material so nearly uniform in fall 
velocity, the experiments have shown that no equilibrium of scour is 
to be expected at any depth, the removal of material continuing as an
a, the locus of the transition points 
for any one series of experiments 
being indicated in Fig. 9 by a brok­
en line. While further study of the 
transition phenomenon would be of 
considerable academic interest, in 
the organization of similarity cri­
teria it is necessary to define only 
the approximate transition zone so 
that model studies may lie entirely 
within the proper flow regime. This 
zone is shown in Fig. 11 for each
F I G .  1 1 .  A P P R O X I M A T E  L I M I T S  O F  
T H E  T R A N S I T I O N  Z O N E .
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exponential function of the time with only the fixed boundaries 
governing the ultimate limit of excavation. Preliminary experiments 
indicate, on the other hand, that a process of selective sorting will 
take place if <tw is increased appreciably in magnitude, the finer mate­
rial being carried over the dune, and the coarser being deposited re­
peatedly on the upstream slope and sliding back into the scour hole. 
In  this way the magnitude of wm for the material lining the hole will 
steadily rise, the resulting tendency to approach a state of equilibrium 
obviously increasing with the magnitude of <rw for the original bed ma­
terial.
Whatever the rôle of <rw may be, the present experiments with 
constant <rw indicate that for a given fall-velocity distribution of sedi­
ment the sole criterion for similarity of the scour pattern under the 
existing boundary conditions is embodied in the quantity
provided only that the regime of flow is the same in both prototype 
and model. Although the mathematical form of this parametric group 
will probably vary with the boundary conditions, each of the dimen- 
sionless ratios should still play an essential part in the phenomenon.
C o n c l u s i o n s
In selecting criteria for similarity in the transportation of sedi­
ment, one must choose, in addition to the usual geometric, flow, and 
fluid parameters, those sediment characteristics having a definite in­
fluence upon the rate at which material is moved. So long as the size 
of the material relative to some length parameter of the flow is a 
governing factor, it is only reasonable to use the size-frequency prop­
erties as similarity criteria, the geometric mean diameter and the geo­
metric standard deviation from this mean being the most significant 
size factors available. Thus, when the mean diameter is of the order of 
magnitude of the boundary-layer thickness, the ratio dm/8  is a funda­
mental similarity parameter. Once dm becomes sufficiently large to 
produce boundary turbulence, however, neither does viscosity directly 
influence sediment movement at the boundary nor does the size of mov­
ing grains determine the relative roughness of the bed. On the other
v
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hand, it must be noted that bed materials of pulverized pumice, amber, 
and lignite often used in the laboratory not only far exceed in size the 
nominal boundary-layer thickness, but often approach the depth of 
flow itself; under such circumstances the size again becomes a signifi­
cant parameter—though for the model bed alone.
In by far the majority of actual canals and rivers, the bed mate­
rial is very small in comparison with the depth of flow, while the 
depth, mean velocity, and bed roughness are such that the motion is 
wholly turbulent, viscous effects upon the resistance then being quite 
negligible. At sufficiently advanced stages of sediment movement the 
sediment diameter probably influences the rate of transport only in­
sofar as it governs the velocity of fall. In such cases, the fall velocity 
would seem the only logical sediment characteristic for similarity cri­
teria, the ratio V /w m and the factor <jw being of basic importance; 
needless to say, however, the model scale should not be so far reduced 
as to prevent the full development of turbulence.
Experiments now in progress on an arbitrary condition of local­
ized scour indicate that the mean fall velocity and the standard devia­
tion about this mean are again significant, the ratio V /w m being a 
primary similarity parameter so long as the model scale is not so small 
as to yield a grain diameter approaching the order of magnitude of 
other flow dimensions. In this connection it is to be noted that the 
customary use of coarse, low-density materials in model studies of 
scour produces a condition of transport akin to the bed-load phase of 
uniform flow, whereas in nature scour is often predominantly a phe­
nomenon of suspension.
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I n t r o d u c t io n
More than half a century ago, Osborne Reynolds reported his 
series of classical experiments and analyses which completely differ­
entiated between viscous and turbulent flow of fluids. Since that time 
many investigators have worked in the laboratory studying the turbu­
lent flow of liquids and gases, particularly in conduits of various 
types. In the main most of the investigations having engineering ap­
plication have been concerned with the outward effect of turbulence, 
with little or no attention paid to the inner mechanism of the turbu­
lence.
As the science of aeronautics began to develop, the engineers and 
physicists engaged in this field of work began to see that many prob­
lems of air flow over surfaces could not be adequately or completely 
solved, or properly investigated in the laboratory, unless more was 
known of the mechanics of turbulent motion. Thus the study of turbu- 
lence received a tremendous impetus, and it has been the work of aero­
nautics engineers, and those interested in aeronautics, that has ad­
vanced our knowledge of turbulence to its present stage.
Reviewing hurriedly the important work done to date on fluid 
turbulence, we find first the valuable contributions of Prandtl and 
his associates in Germany starting about 1910 and continuing to this 
day. P rand tl’s work pertained to problems of fluid friction and the 
turbulence mechanism. A good summary of all this work is contained 
in a paper by Rouse.1 Prandtl was the first to try to give a physical 
conception to turbulence by the introduction of his idea of the “ mix­
ing length, ’ ’ and by drawing an analogy between the haphazard fluid 
masses whirling about in turbulent flow and the molecules in a gas. 
In England, Taylor* wrote a paper in 1915 on the “ eddy diffusion”
50
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in the atmosphere which presented some very fundamental ideas re­
garding the diffusion characteristics of turbulence. Von Karman,3’4 
first in Germany and now in the United States, has extended the 
theories of Prandtl and has made many notable contributions to the 
mathematics of fluid turbulence. Dryden6 and his co-workers at the 
U. S. Bureau of Standards, and the research engineers at the Langley 
Field laboratories are making great progress in the experimental work 
on air turbulence.
Since the hydraulic engineer is primarily concerned with water 
in turbulent motion, it should be apparent that a knowledge of the 
mechanism of turbulence is of importance. Of course, in certain hy­
draulic problems such knowledge would be important only from an 
academic point of view, because these particular problems can be 
properly and adequately solved by the empirical methods and ap­
proximate analyses which look only at the outer effects of the turbu­
lence. However, there are certain other problems, which this report is 
to discuss in detail, that cannot be properly solved or understood un­
less the inner workings of the turbulence are considered.
Problems of energy dissipation and transformation, both where 
energy dissipation is to be a minimum and where energy is to be dis­
sipated as quickly and effectively as possible, require a knowledge of 
the mechanics of turbulence. The problem of suspended-material 
transportation is very closely associated with turbulence; in fact its 
complete solution and understanding is dependent entirely on our 
knowledge of turbulence. Sedimentation is another problem requiring 
a knowledge of the turbulence mechanism. In model studies it is nec­
essary to have some measure of turbulence in order that dynamically 
similar conditions may be approached. It seems quite apparent that 
future advances in hydraulics will be in the direction of increased 
knowledge of the turbulence mechanism.
W h a t  is  T u r b u l e n c e ?
Before the discussion proceeds any farther it would be well to 
define the term “ turbulence.” By injecting a dye or some other ma­
terial into moving water, or by watching smoke coming from a chim­
ney, a very haphazard mixing process is seen, which we refer to as 
turbulence. Fundamentally it might be said that a fluid at any point 
is in a state of turbulence if the direction and magnitude of the ve­
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locity vary irregularly with time. This variation is relatively rapid 
and cannot be predicted except in the probability sense.
These variations in velocity are in general caused by the whirling 
about in the fluid of masses or eddies of various sizes. I t  is these eddies 
which transfer momentum, mass, heat, etc., from one point of the fluid 
to another, and also cause the high rate of energy dissipation asso­
ciated with turbulence.
True turbulence as it exists in pipe or channel flow is such that 
there is no periodic variation of the velocity. The phenomena ob­
served immediately behind a grid or some body or object around which 
the liquid flows, is not true turbulence because of the regularity of the 
size and formation of the eddies. This type of flow is better called 
“ vortex motion.” This motion eventually breaks down into true 
turbulence.
The most convenient way to deal with turbulence, both analyti­
cally and experimentally, is to represent the varying velocity vector at 
any point by three components U, V, and W along the axes x, y, and z. 
The value of U at any instant can be represented then as (JJ ±  u) where 
U is the mean velocity along the x-axis and u is the fluctuating part. 
The other two components are represented as (Y ± v) and ( W ± w ) .  
As will be shown later the components u, v, and w in true turbulence 
are each quite random; that is, there is no periodicity, for instance, of 
u with respect to time. The velocity variations do not occur in any 
regular cycle. In  fact, the velocity variations follow what is known in 
statistics as the normal error-frequency law.
M e a s u r in g  V e l o c it ie s  i n  T u r b u l e n t  F l o w
In air-flow studies in wind-tunnels the standard piece of equip­
ment used for measuring the fluctuating velocities is the hot-wire 
anemometer. The hot-wire technique has been very well developed 
by the aeronautics engineers, and recent developments indicate the 
possibility of determining all three components of the fluctuating ve­
locity, u, v, and w, by use of a special type hot-wire anemometer. The 
quantities measured are the values of and V ^ ,  which in
statistics are referred to as the “ standard deviations” of a fluctuating 
quantity. Of course, the arithmetic mean values of u, v, and w are 
zero; also, if the flow is in the ^-direction, V  and W  are zero. The root- 
mean-square values of the turbulent velocity fluctuations are a meas­
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ure of the turbulence intensity. By use of the hot-wire apparatus, it 
is possible to measure the values of turbulence intensities directly. A 
detailed discussion of the apparatus and procedure employed is given 
in the National Advisory Committee for Aeronautics Reports.5
Our experimental studies of turbulence in this laboratory have 
been made practically entirely by use of the photographic method, 
using 16 mm. motion picture film. In one of our experiments a fine jet 
of dark red color was injected through a fine hypodermic needle and 
motion pictures taken of the color stream close to the tip of the needle-
tube. An approximate idea of 
the transverse velocity, v, was ob­
tained by calculating from each 
frame of the motion picture the 
value of v by obtaining the value 
of . the transverse spread Y  at a 
distance x of about 1 inch. 
Knowing the mean velocity of 
flow in the ^-direction, V, the 
value of v was calculated from 
the expression YTJ/x. The value 
of x was sufficiently small so 
that the stream of color did 
not deviate appreciably from a 
straight line between the point at 
which Y  was measured and the 
tip of the needle. Typical data 
for v obtained in this way are 
shown in Fig. 1. Since the time 
between individual frames of the 
motion picture film was about 
1/25 of a second, values of v 
were obtained for each such interval of time.
A statistical analysis of such velocity data is shown in Fig. 2. The 
value of V in this case was 0.65 ft. per sec. and V  ¿2 was .0575 ft. per 
sec. The significant point is that the velocities are statistically dis­
tributed according to the normal error law which is expressed thus:
1
F ( v )  — y — -----------  e 2ff* (1)
V ^ r  a
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a = y J ( V - V )  2 = V  vl
In this case V is zero and V =  v. The quantity F (v ) d v  indicates the 
proportion of time that the velocity v will lie between the values v and 
v-\-dv. The area under the f { v )  curve from minus infinity to plus 
infinity is, of course, unity.
Using another photographic technique it was possible to measure
the values o f  V  for short intervals o f  time and thus determine 1/ 1 ? .  
This technique consisted of mixing into the flowing water droplets o f  
a mixture of carbon tetrachloride and benzine, having the same specific 
gravity as water, and illuminating these particles in some specific 
plane by use of a beam of parallel light. The drops in this illuminated 
plane show up on photographic film as white streaks. By knowing the 
speed of the camera, or by introducing a velocity scale into the picture, 
it is possible to determine 77 and V  from the length and direction o f  in­
dividual streaks. This method was developed in connection with the 
A.S.C.E. Hydraulic Research Project on the conversion o f  kinetic to 
potential energy in a circular expanding conduit, carried on in our 
laboratory.
Statistical analyses have been made of various velocity data for 
both of the velocity components u and v, and in every case we find that 
the frequency distribution diagram follows the normal error law very 
closely. This is a fundamental and a significant fact regarding true 
turbulence.
The measurement of instantaneous velocities in the field is practi­
cally impossible with any instruments available at present. However, 
the Price current meter will give a rough indication of the relative 
magnitude of the velocity fluctuations present, if the revolutions are 
read for short intervals of time. The same thing can be done with the 
miniature current meters used in model studies.
Although the photographic method of analysing turbulence veloci­
ties requires a great amount of time, the results obtained should be 
reliable. The development of instruments for measuring the fluctuat­
ing velocities, both in the laboratory and the field, is most desirable, in 
order that the investigations of liquid turbulence may be less time-con- 
suming.
M e a s u r in g  D i f f u s i o n  i n  T u r b u l e n t  F l o w
The intensity of the turbulence as measured by the root-mean-
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square value of the velocity fluctuation about the mean is one of the 
important parameters characterizing turbulence. Another parameter 
of significance is called the “ coefficient of diffusion.”  This particular 
parameter is of importance in the study of the relation of suspended 
material concentration and turbulence. Diffusion in a turbulent fluid 
can be compared with the process of molecular diffusion, although 
turbulence diffusion is much more intense.
The diffusing power of turbulence is due to the eddies which travel 
and whirl about from point to point in a haphazard fashion. These 
fluid masses can convey from one point to another heat, matter, mo­
mentum, energy, etc. The existence of a mean velocity gradient, such 
as dTJ/dy, in water which is in turbulent motion indicates that there 
is a transference of momentum. The rate of the transfer of momen­
tum is a measure of the force or shear existing between adjacent layers 
of liquid with different mean velocities. Osborne Reynolds showed 
that this shear can be represented b y : r =  puv, where uv is the mean 
product of the simultaneous values of u and v, and p is the unit densi­
ty. Prandtl transformed this expression for shear into a more usable 
form by introducing a length factor I, such that 1 i — l dTJ/dy. The 
formula for shear is then :
The quantity vl is a measure of the transfer power of the turbulence; 
in this case the transfer of momentum is considered.
In the problem of suspended material distribution in a stream we 
have the turbulence eddies transferring sediment. The sediment, of 
course, tends to settle due to gravity; thus the concentration tends to 
be higher at the bottom than towards the surface. Under equilibrium 
conditions the amount transferred upwards by the turbulence must be 
equal to that transferred down by the turbulence plus that which falls 
down by gravity. The net transfer due to turbulence must then be 
equal to the rate of falling by gravity. The fundamental equation de­
scribing this phenomen is :
dU (2)
N = concentration of sediment 
e = velocity of fall of sediment size considered.
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The derivation of Eq. 3 is given in various publications; O ’Brien7 
probably first introduced it to American engineers. Note that the 
quantity vl, which will be designated by t, occurs again, in this case it 
being a measure of the transfer power of the turbulence in regard to 
sediment. This term is called the diffusion coefficient. Though definite 
experimental evidence does not exist proving it, there seems to be no 
particular reason why this coefficient of diffusion is not of the same 
magnitude for all diffusion processes.
This coefficient e is the product of a velocity and a length factor. 
The velocity is, of course, dependent on the intensity of the turbulence, 
and the length factor depends on the so-called “ scale of the turbu­
lence” or the average size of the eddies.
In suspended material studies the value of e is computed from 
the shear and velocity-gradient relationship. Usually some drastic as­
sumptions must be made as to the value of the shear at various points 
in a channel or river. In order to study directly the diffusion charac­
teristics of the turbulence, particularly the variation of the diffusion 
coefficient throughout the section of an open channel, laboratory ex­
periments were made by which it was possible to get a direct measure 
of the diffusing power. The purpose of these experiments was pri­
marily to check the validity of Eq. (2), for computing £ in regions 
where the velocity gradient approached zero.
The channel in which experiments were made was 2.5 ft. wide 
and the water depth was 1.0 ft. The channel was not long enough for 
the normal velocity distribution to become established, so the desired 
shape of velocity distribution was obtained by use of various baffles 
upstream. Data were taken for various mean velocities and at differ­
ent vertical sections across the channel. The method of taking data 
is as follows:
At various points at the selected vertical section, droplets of car­
bon tetrachloride and benzine, having the same specific gravity as the 
water, were injected into the water through a fine hypodermic type of 
needle-tube. The drops were black and could readily be photographed 
against a white illuminated background. The spread of these drops 
transversely, that is, “ up and down,” was obtained for a distance of 
some 12 inches downstream from the point of injection. From about 
400 frames of motion picture film at various selected distances down­
stream from the point of injection, the position of the drops trans­
verse to the direction of flow was obtained. At any section, x inches
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downstream from the point of injection, the value of Y* and V  Y* was 
obtained where Y  is the distance above or below the horizontal line 
through the point of injection. Of course, the arithmetic mean of the 
various values of Y  is zero if the mean direction of flow is along the 
cc-axis.
For the case of molecular diffusion the relation between Y 2 and
x i s :
U
where K  is the coefficient of molecular diffusion and TJ is the mean 
velocity. Note that Y2, or the mean square spread of the particles, 
varies directly with the distance, x. Obviously, there is no reason to 
suppose that the above relation will apply to turbulent diffusion, the 
principle reason being that in molecular diffusion the size of mole­
cular paths is of a very small order of magnitude compared to the dis­
tances x and \/~yf observed. In turbulent diffusion the eddying fluid 
masses have the role played by the molecules, and these eddies may be 
of the same order of magnitude as observed values of y /  y? and x; 
therefore there must be a difference in the two diffusion phenomena 
particularly for the smaller values of x. Experimental data show 
this to be true.
In Fig. 3 are shown values of Y 2 and \ / y 2 plotted against x as
F i g . 3.
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were obtained in the 2.5 ft. channel, with a water depth of 1 foot and a 
mean velocity of .443 ft. per sec. for the whole channel. The data 
were obtained for seven points in the vertical section in the center of 
the channel; the mean velocity at that section was .462 ft. per sec. The 
velocity distribution is shown in Fig. 4. Note that Y2 varies paraboli- 
cally with x for small values of x, and gradually approaches a straight 
line variation for greater downstream distances. Therefore, Bq. (4)
DISTRIBUTION OF DIFFUSION COEFFICIENT 
'0' AND MEAN VELOCITY 'U‘ IN 
CENTER VERTICAL OF CHANNEL
MEAN VEL. IN 
VERT. = .462
F I G .  4 .
does not describe the phenomena unless it is assumed that the coeffi­
cient of diffusion varies for the smaller values of x. A variable diffu­
sion coefficient would not be a very convenient description of the diffu­
sion power of a particular condition of turbulence.
G. I. Taylor,8 realizing the dissimilarity that existed between 
molecular and turbulent diffusion developed a different theory to de­
scribe the phenomena of turbulent diffusion. His general equation 
relating Y2 and x is:
d Y 2l dx  = 2 ( v 2/ U )  f xR dx (5)
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The term R is the so-called “ correlation coefficient” between the ve­
locity, v, of a particle at one point, and its velocity, vx, after a 
distance of travel of x. It is defined thus : R =  VVx/ Vjj? 
Numerically, R can have any value from -f-1 to — 1. The concept of 
the correlation coefficient is very useful. Logic indicates, and experi­
ments verify, that the value of R should be near to + 1  for small 
values of x. In other words, depending on the size of the fluid masses 
involved, the velocity of a particle will be very much the same at the 
beginning and end of an interval of time, if that interval is relatively 
small. However, as the interval becomes large, which means as the 
particle travels farther, chances are that on the average the velocities at 
the beginning and end of the interval will be less and less related. For 
larger values of x, R becomes zero.
X m .
For values of x when R becomes zero the quantity J '  Rdx is a con-
o /
•------- - X
stant. Taylor 0 then designated the quantity (v2/U )  f  Rdx as the0
diffusion coefficient, where x' is the distance downstream where R be­
comes zero. Calling this coefficient D, Eq. (5) then becomes for all 
values of x greater than x'
Y2 = - = ^  (6)
This is similar to Eq. (4) which applies to molecular diffusion. The 
quantity D can be calculated if Y- is plotted against x. Note that I) 
is also equal to (d Y 2/d x )U /2 , where the slope, d Y 2/dx,  is deter­
mined at the point when R becomes zero, which is when Eq. (6) ap­
plies, or in other words, when the relationship between Y 2 and x is 
linear. In Fig. 3, the quantities (d Y 2/ d x ) max are designated as «. 
The approaching of a linear relationship between Y2 and x for the 
larger values of x is quite apparent.
The coefficient D seems to be the most logical measure of the dif­
fusing power of turbulence. It is undoubtedly proportional to the co­
efficient, t =  vl, occurring in Eqs. (2) and (3), though not necessarily 
equal. The variation of the computed value of D in the center vertical 
of the channel for which diffusion data are shown in Fig. 3, is indi­
cated in Fig. 4. The shape of this curve in general corresponds to 
that of the e curves which have been determined for very wide rivers in 
which the shear can be computed by the simple relation, w y S, where
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w is the unit weight of fluid, y  the depth, and S the slope of the river. 
No such computation was made for our experimental channel since, 
due to the side effects, shear computations must be made using various 
assumptions, and therefore no attempt was made to calculate e using 
the shear and velocity gradient equation, (Eq. (2)).
Theoretically, since the transverse velocities are statistically dis­
tributed according to the normal error law, the concentration of par­
ticles, which are weightless in water, downstream from the point of 
their origin, should also be according to the normal error law. In 
other words, the quantity f ( Y )  which indicates the relative number 
of particles which occur between the values Y  and Y-\-dY  is given by 
the following expression:
- ( Y - Y ) '
^ Y ) = - k = -\/2irtr
« r - V  ( Y - Y f
Theoretically, the mean value of Y  should be zero if the flow 
is in the x-direction, the particles are of the same specific gravity as 
water, and a sufficient number of readings are taken. Usually in the 
experimental data Y  was not always exactly zero; however the devia­
tion was slight.
In Fig. 5 are shown the frequency diagrams for various values of 
Y  at different distances downstream from the point of origin of the 
droplets, x =  0. The smooth curves represent Eq. (8), and the values 
of V  y 2 are those shown in Fig. 3 for the point in the central vertical, 
y  = 0.40 ft. above the bottom of the channel. In general, the experi­
mental data check the theory very well. Using Eq. (8) and knowing 
the variation of \Z~y~2 with x it is possible to compute the concentration 
of particles any distance downstream from some point at which the 
concentration is known or assumed. In  hydraulics this idea or con­
cept has wide application in sedimentation studies.
An interesting method of measuring diffusion in liquid turbulence 
was used by Richardson.10 The method in general involved the injec­
tion of dye into a water stream from a line source. The relative con­
centration of the dye downstream was determined by use of photo­
electric cells. The entire apparatus was quite involved, although the Y 2 
measurements were in general similar to those obtained by the author.
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EQUATION OF SMOOTH CURVES:
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Two general methods of diffusion measurements in air flow have been re­
ported. The first method is that of Sehubauer11 using diffusion of heat, 
and more recently Towle, Sherwood, and Sedar12 used the method of dif-
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fusion of carbon dioxide and hydrogen in an air stream. In all these 
air experiments the investigators assumed that the laws of molecular 
diffusion applied, even for the Y2 measurements at small downstream 
distances. Such an assumption probably is more correct for air turbu­
lence than liquid turbulence because the eddies in a wind-tunnel air 
stream are relatively much smaller than in large water channels.
E n e r g y  C o n s id e r a t io n s
An important phrase used in talking about turbulence is that of
“ energy of turbulence.” When water flows in turbulent motion the
total kinetic energy at any point per pound of water flowing is not 
2
simply fj /2g. The total kinetic energy per pound of water flowing 
at any instant is q2/2g, where q is the magnitude of the velocity vec­
tor at any instant and is equal to W2). Using our adopted 
designation for U, V and W, and assuming the mean flow is in the
¡E-direction, the mean value of q- is then equal to ( U-\-u"-\-v2-\-w2.) 
The quantity {u2-\-v2-\-w') / 2gr is referred to as the “ energy of tu rbu ­
lence. ’ ’
If energy dissipation and transformation in a turbulent flow is 
to be studied completely and in detail, the energy of turbulence must 
be determined together with the kinetic energy due to the mean veloci­
ty, V. In the experimental project of conversion of kinetic to poten­
tial energy sponsored by the A.S.C.E. Hydraulic Research Committee, 
previously referred to, the energy of turbulence was determined at 
various sections in a circular expanding conduit and its variation 
studied. The experimental technique of determining u2 and v" was 
that of producing streaks on motion picture film by the method pre­
viously described. Because of symmetry w- was assumed equal to v*. 
The data on this project will be presented in the reports of the Hy­
draulic Research Committee. One significant item brought out by this 
study is that the energy of turbulence, though only about 3 per cent 
of the total kinetic energy in a straight conduit, may rise to 30 per 
cent of the total kinetic energy in, for instance, a 15° expansion from 
a 3-inch to 5-inch circular conduit.
When the energy of turbulence is determined together with the 
other forms of energy, it is quite apparent that there is no such thing 
as a sudden dissipation of energy in flowing water. For instance, in
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such flow phenomena as the sudden expansion or the hydraulic jump, 
the concept is sometimes conveyed that there is a very sudden loss of 
energy, a so-called “ shock loss.” This is not true in any respect. The 
mean kinetic energy in such cases is converted into energy of turbu­
lence which is then gradually dissipated downstream. In fact, if the 
total energy gradient were plotted along a conduit having a sudden ex­
pansion there would be no sudden drop in this gradient at any point 
beyond the expansion. The extra dissipation of energy brought about 
by the sudden expansion is a very gradual process—that is, if by dissi­
pation we mean dissipation of energy into heat, which is what true 
dissipation is so far as fluid flow is concerned.
Whether a fluid is in viscous or turbulent motion it should be kept 
in mind that it is viscosity which produces energy dissipation. In 
turbulent flow most of the potential energy is first converted into 
turbulent energy which is then dissipated into heat by the action of 
viscosity on the whirling masses of fluid. To avoid excessive dissipa­
tion of energy in hydraulic structures, turbulence must be kept to a 
minimum. An experimental evaluation of the energy of turbulence 
makes possible definite quantitative studies.
Model studies of structures involving large changes of turbulent 
energy must be made with the fact in mind that scale also applies to 
the relative size of the turbulent eddies if true similarity is to be ob­
tained. The “ scale of the turbulence” in general must be kept in pro­
portion, and also the per cent of turbulence, which for one velocity
component can be designated as 100( ¡U,  should be kept the 
same in model and prototype.
S u m m a r y  a n d  C o n c l u s i o n s
To summarize, the salient points discussed in the paper are :
(1) The results of the work of aeronautics engineers in the study 
of fluid motion have permeated into hydraulic investigations, with the 
result that the inner mechanics of liquid turbulence is beginning to 
receive intensive laboratory study.
(2) The important hydraulic engineering problems which are 
dependent for their complete understanding on a more thorough 
knowledge of the turbulence mechanism are: (a) suspended material 
transportation in rivers, (b) scouring in canals and rivers and seâi-
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mentation in reservoirs, and (c) energy dissipation and transforma­
tion processes.
(3) A proper concept of turbulence, which an engineer can apply 
quantitatively, is essential if the study of turbulence is to be of prac­
tical use. An attempt to present such a concept is made, by intro­
ducing and defining the term s: intensity of turbulence, scale of turbu­
lence, and energy of turbulence.
(4) Experimental data regarding the measurement of velocities in 
turbulent flow by motion picture photography are presented. Two 
general methods were used: that of the color stream issuing from a fine 
tube, and the method of “ streak” pictures.
(5) A statistical analysis of velocity fluctuations, both parallel 
and normal to the direction of flow, showed that the velocity 
fluctuations in true turbulence are statistically distributed according 
to the normal error law.
(6) The coefficient of diffusion for turbulence was directly deter­
mined by experimental means using motion picture photography to 
record the necessary data. The results obtained checked the theory 
of turbulent diffusion developed by G. I. Taylor.
(7) A proper understanding of the diffusion or transfer char­
acteristics of turbulence is indispensable in solving the problems of 
suspended material transportation, sedimentation, and scouring.
(8) Energy of turbulence is a form of kinetic energy present in 
turbulent flow. A complete experimental study of the processes of 
energy dissipation and transformation, such as occur in expanding 
conduits and streams, necessitates that the energy of turbulence be cal­
culated in order that a true picture of the phenomena occurring may 
be obtained.
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At 10 a. m. of January 27, 1937, flood waters marked the high­
est stage in the 65 years of record on the Ohio River at Louisville, 
Kentucky, submerging the gage on the river bank to a little more 
than its 57-foot mark, which, at Louisville, is 29 feet above flood 
stage.
Immediate concern in this city was centered upon the reported 
stages upstream at Cincinnati, Parkersburg, and Pittsburgh; blit 
in fact the scene of the impending flood had been laid more than a 
month before in remote tropical and polar regions.
What were the many circumstances combining to bring the river 
to the particular stage of 57.15 feet at Louisville? I t  is not too diffi­
cult to identify them and their beginnings and to attempt an evalua­
tion of the immediate forces that created, transported, and finally 
concentrated the myriad of water particles within the narrow dimen­
sions of the Ohio River flood channel during the nearly 30 days of 
almost continuous rainfall from December 28, 1936, to January 25, 
1937.
Let us begin at the river gage where observed stages become the 
measure of river discharge out of the vast “ moving” storage in the 
channel system of the Ohio above Louisville. Maps of the basin are 
deceiving in that they give the impression that there are large areas 
from which storm water flows off as a sheet. In reality, almost as 
quickly as rain falls, its run-off assembles into small flows that com­
bine into a system of connected channels of appreciable dimension. 
If, then, the Ohio River system be divided to its very headwaters into 
reaches of like channel and slope characteristics, we may proceed 
downstream, solving the storage equation successively from reach to
69
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reach; that is, considering the discharge into the head of any reach 
for a given period of time as equalling the discharge out of it, after 
adding lateral inflow and adjusting for changes in storage volume.
At the headwaters of the innumerable small tributaries of the 
river we have reached the source of the river flow—rainfall. Here 
we must pause to take into account the difference we shall find in 
the amount of water accounted for as river discharge and that meas­
ured as rainfall. I f  we could identify the actual rainfall that pro­
duced the river flow for the 24 hours embracing the flood peak 011 
January 28th, we should find little difference for heavy antecedent 
rains had long since occupied all available surface pondage and had 
reduced infiltration to the capacity limits of the soils comprising the 
basin.
The flood, as streamflow, becomes a ribbon of flowing water oc­
cupying the channel and flood plain of the river and is marked on 
the map by a meandering line of insignificant width giving a much 
less impressive picture than the isohyetal map of the rainfall which 
blankets the whole of the basin and shows that rain fell to a depth 
of two feet or more over appreciable areas.
Here the meteorologist takes up the analysis, carrying it back to 
the source regions of the warm, moist, tropical air and the cold, dry, 
polar air that moved inward to meet over the Ohio Valley, there to 
be held in deadlock for nearly a month by a warm anticyclone off 
the South Atlantic Coast, and an upper level cold cyclone over the 
plains region.
The picture of the storm as the meteorologist sees it is presented 
in the following three figures. Fig. 1 is the synoptic weather map 
for 7 :30 a. m., of January 21st, the day of heaviest rainfall. The 
synoptic map pictures the weather ‘ ‘ on the ground ’ ’, as it is measured 
by surface observations of pressure, temperature, humidity and wind. 
The synoptic map shows in addition to the familiar “ highs” and 
“ lows” the position of cold and warm fronts that separate the air 
masses of differing characteristics. Fig. 2 shows pressure and tem­
perature at five kilometers above sea level. The marked temperature 
gradient of from —35° C. at Cheyenne to —6° C. at Nashville is one 
of the important meteorological factors accounting for the excessive 
rainfall on this day. The complete reversal of the circulation pattern 
over central United States, from anticyclonic at the surface to cyclonic 
at five kilometers, has an important bearing on the results to follow
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in causing the warm moist Gulf air to be pushed up over the stable 
Polar air. Fig. 3 is the isentropic chart for January 21st. I t  re­
veals the extensive moist tongue entering the country from the mari­
time moisture sources of the Gulf and moving upslope towards the 
Ohio Valley, an important factor in forecasting which is not apparent 
on the surface map. The isentropic map is one showing factors in a 
surface of constant potential temperature, (305° C.). The heavy
lines are heights in meters. The lighter lines are specific humidities 
measured in grams of moisture per kilogram of air.
I t  will be noted in our discussion of the January 1937 storm and 
flood that we have traced the hydrologic cycle through the several 
phases ordinarily associated with the sciences of hydraulics, hydrology, 
and meteorology. Considering these, where may the engineer place 
the limitations of his interest and responsibility? All fields of 
engineering must give a place to water; either in utilizing and con­
serving it, or in preventing or reducing the damage caused by its 
over-abundance. Problems involving the water supply of a c ity ; the 
capacity of a spillway; the height of a protection wall; the elevation 
of a sanitary sewer outlet; the necessity to place machinery above 
flood stage—all are provisional in character and if real security and
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economy are to be injected into their solution every facility at hand 
must be utilized.
In approaching these problems the first, and often the gravest, 
limitation lies in a paucity of precipitation and streamflow data. The 
length of record is found too short to have great statistical signifi­
cance; the number of rainfall stations is too small to give adequate 
areal significance to average! depths ; and the quality and character of 
the records are not adaptable to the solution of problems on the 
smaller watersheds.
The length of hydrologie records over the country has doubled 
approximately within the scope of our professional lives, and we hope 
our technical knowledge has kept pace. We have experienced the in­
adequacies of the older empirical formulas and are beginning to have 
the “ feel”  of newer and more rational methods of predetermining 
flow rates and volume.
Until recently, the engineer-hydrologist has not been interested 
particularly in the causes of precipitation. Rather has it been im­
portant to him to know its variations in terms of rate, duration, and 
areal extent ; its variation with changes in elevation and locality ; 
seasonal differences to be expected; the periodicity with which like 
phenomena can be expected to occur ; and finally, the relation of pre­
cipitation to the resultant phenomena of infiltration, transpiration, 
evaporation, and run-off.
Sciences so closely allied as meteorology and hydrology can not 
long remain sharply separated. The continual search for supporting 
facts will carry one investigator into the field of the other. The ob­
jectives of both entail an unrelenting search for physical and statisti­
cal relationships, and closer correlations of the factors which are of 
importance in improving the means of forecasting météorologie and 
hydrologie events such as storms and floods.
The engineer, therefore, has every reason to be interested in 
hydro-meteorology, and he should project his knowledge beyond that 
segment of the cycle embracing falling rain and run-off only. Also, 
in the light of a woefully inadequate record of hydrologie data, both 
as to length and geographical extent, he could improve his statistical 
analysis by including in his correlations a consideration of the prin­
cipal causal factors that are now the everyday tools of the air-mass 
analyst.
Engineering technique for planning the utilization of water has
http://ir.uiowa.edu/uisie/20
developed more rapidly than that for flood control. The staggering 
quantities of water involved in the latter, and the great cost of con­
trol works required, have provided the incentive to support design 
with the refinements, security, and economics inherent in more rational 
procedures among which hydrometeorology is finding a place.
The utilization of hydrometeorology in engineering can be il­
lustrated in its application to flood control problems, taking a case 
in which the greatest possible flood must be provided for in the 
capacity of a spillway to be built in a dam above a developed valley 
area.
Again wc must acknowledge the limitations which hedge about 
our first steps in this new field. Our records of storm and flood are 
short and our knowledge of meteorologic and hydrologic relationships 
elementary. We have paid dearly for those inadequacies, not so much 
in the failure of the works we have built, but in the admittedly ex- 
travagent factors of safety which have characterized design in the 
past.
Our records of streamflow are shorter, less extensive, and not so 
dependably subject to interpolation as our records of precipitation. 
This accounts for recent trends to storm rainfall as the basis for 
flood estimation, for the meteorological background of the storms 
that produce rains of flood proportions has been found to add ma­
terially to the interpretability of our shorter precipitation records.
The storm and accompanying rainfall are phenomena recognized 
as having physical limits within fairly well defined regions of meteor­
ologic homogeneity. Current studies indicate that the likelihood of all 
the meteorological factors combining at their maxima in a single storm 
is of remote probability within such a region and that for such a combi­
nation to occur in a critical position over a selected, relatively small 
basin within the region approaches an impossibility. Therefore, if 
such a limiting or enveloping storm is to be considered beyond the 
probability of experience in a single storm period of continuous rain­
fall, its estimation, or forecast, must rest upon the synthesis of the 
determinable factors at their upper limits.
The almost complete absence of hydrologic data on many basins 
for which important flood control works must be designed has stim­
ulated the development of a method of flood flow estimation based 
upon storm transposition, assuming that any of the great storms that 
have occurred in a given region could have with equal probability
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occurred in critical position over a particular basin. I t  is believed 
sound to assume that, looking into the future, every basin within a 
region will ultimately experience for every duration the greatest in­
tensity of which the region is susceptible. I t  seems logical to assume, 
further, that in bringing to a particular basin through transposition 
every great storm that has occurred in the region within the record 
period, the storm-record for the basin has been extrapolated into the 
future a considerable, though indeterminable period. If  now the 
greatest depths for selected durations are taken from the transposed 
storms and combined (that is, the greatest 6-hour depth from Storm 
No. 4, the greatest 12-hour depth from Storm No. 1, the greatest 18- 
hour depth from Storm No. 3, etc.) the synthesized storm resulting 
will envelop all individual storms capable of occurring over the 
basin.
The steps in the determination of the maximum possible rainfall 
for a basin are as follows:
1. A review of the history of floods, rainfall, and climate for 
the meteorologically homogeneous region in which the basin is located.
2. Analysis of physiographic controls of climate, semi-perma­
nent centers of meteorological action; and large scale abnormalities 
in the general atmospheric circulation and their effect on storm se­
quence in the region.
3. Study of source regions of moisture laden air and possible 
trajectories of such air over the basin; and sources of cold air north 
and west of the basin.
4. Analysis of the seasonal precipitation trends in the region 
and their relation to flood possibilities over the particular size of 
basin under consideration.
5. Generalized analysis of all storms of record occurring in the 
region.
6. Detailed analysis of the outstanding storms reviewed.
7. Determination and classification of storm types.
8. Transposition of priority storms to the basin and their 
modification for intervening influences.
9. The preparation of mass curves of rainfall for all stations in 
the storm area from the original station records. Prom these the ex­
cessive rates and their time of occurrence are determined and check­
ed with the meteorological analysis which gives the time of passage 
and the intensities of frontal movements over the station.
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10. The preparation of isohyetal maps for all storms found to 
contribute maximum depths for selected durations within a period 
fixed by the conditions of the basin study.
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11. The preparation of limiting depth-duration and limiting 
depth-area curves for the basin.
12. The determination of the critical pattern for the design 
storm.
13. If  the basin is too large to be treated as a unit, the deter­
mination of the areal distribution of the maximum possible depths 
to facilitate flood routing and the application of unit hydrographs.
Steps in the synthesis of the design storm are shown in Fig. 4.
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The forecasting of floods is of interest to engineers, not only in 
the technical aspects of an important public service but as the means 
of more securely organizing construction at elevations subject to 
flooding. The practicability of utilizing available meteorological 
facilities and modern techniques in forecasting floods is illustrated 
in the following description of a forecast formulation. Figs. 5 and 
6 show graphically the sequence of events as they could have been 
anticipated in forecasting the storm and flood of January 29—Feb­
ruary 3, 1939, on the Shenandoah Basin above Millville, West Vir­
ginia.
Studies of rainfall-streamflow relations for the basin indicate an 
initial run-off coefficient of about 10 per cent. The figures show the 
increase in the run-off coefficient values as the storm progressed and 
as this factor would be reflected in the discharge of an “ index” 
watershed or some other readily available indication of diminishing 
infiltration capacity.
The synoptic weather situation as of 7:30 a. m., January 28, 
points to an outbreak of precipitation in the West Gulf area moving 
northeastward toward the Appalachian Region.
The situation at 7 :30 p. m., of the 28th indicated a rapid north­
eastward movement of a well defined moist tongue accompanied by 
copious rainfall.
Another area of cyclogenesis becoming evident at this time lies 
off the South Atlantic Coast and is producing rainfall in the Caro­
lina^ and on the Georgia coast.
At 7 :30 a. m. of January 29th the principal area of precipita­
tion has entered the Appalachian Region. Rains continue along the 
South Atlantic Coast. The situation now indicates the necessity for 
preparedness at the forecasting center.
Weather conditions at 7:30 p. m. confirm the forecaster’s judg­
ment as to the seriousness of the situation; justify the call for gen­
eral reporting from rainfall stations throughout the basin; necessi­
tate the issuance of cautionary warnings; and warrant a trial esti­
mate of rainfall to be expected in the next period.
The material in the hands of the forecaster, period by period, is 
displayed in Figs. 5 and 6. From rainfall up to 7 :30 a. m. of the 
30th it was possible to formulate an approximate forecast of peak 
stage. This was modified from data received at the end of the rain­
fall period 1 :30 a. m., January 31st. However, it is to be noted
http://ir.uiowa.edu/uisie/20
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that as early as 7 :30 a. m., January 31st, a region of cyclogenesis is 
developing over the Great Basin and the far Southwest.
At 7 :30 p. m. of January 31st the further development and move­
ment of this disturbance presents a potential threat to the Appala­
chian Region, particularly since it follows so closely an appreciable 
rise in the Shenandoah.
The rains anticipated on January 31st have materialized over the 
basin by the morning of February 2nd, the greatest amount falling 
between 7 :30 a. m. and 1 :30 p. m. of the 3rd.
I t is to be noted that a forecast of the peak stage was possible 
at 1 :30 p. m., on February 3rd, approximately 40 hours in advance of 
the arrival of the crest at Millville. Six hours later, at 7 :30 p. m., of 
the 3rd, after rainfall had stopped, this forecast was confirmed and 
refined as shown in the figure, affording a practical time for the 
evacuation and protection of the areas to be affected.
Educators have sensed the significance of these important trends 
in engineering progress and engineering curricula are being expand­
ed to include practical combinations of hydrology and meteorology. 
I t is believed the profession will respond to the stimulus of increasing 
accomplishment in the new field of applied hydrometeorology.
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The change in the rate of rainfall over wide areas in the United 
States during recent years has focused attention on erosion control, 
flood prevention, and irrigation. Likewise, the construction of large 
hydro-electric plants for the production of cheap power has neces­
sitated the building of great storage reservoirs which, also, are de­
pendent on rainfall. In all these projects the water supply is the 
most important factor. The loss of water by evaporation materially 
affects the water supply, and although a great mass of data on evap­
oration has been collected in the past, the need for more accurate 
and more complete information has stimulated interest in evaporation 
studies.
Evaporation studies are of two types. In one the sole purpose 
is to determine the evaporation loss; in the other it is to find the 
relation of the evaporation to certain meteorological factors or ther­
modynamic laws as well as the evaporation loss. Both types of studies 
serve a useful purpose, but the latter type is of greater value from 
the scientific standpoint. The present trend is more and more toward 
this type.
U n it e d  S t a t e s  W e a t h e r  B u r e a u
The principal agency collecting evaporation data in the United 
States is the U. S. Weather Bureau. The official evaporation pan of 
the Weather Bureau is the Class A land pan. I t is 4 feet in diameter 
and 10 inches deep and is freely exposed to the air. In 1936 evapora­
tion records were being obtained at 166 Federal Stations1, most of 
which are in the western part of the United States. Seventy-four of 
these stations are maintained directly by the Weather Bureau or in 
cooperation with other agencies. At 49 of the Weather Bureau sta-
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tions all the meteorological factors are observed, which consist of air 
and water temperature, rainfall, evaporation, relative humidity and 
wind velocity. At the remaining stations the only records besides the 
evaporation are the air temperature and the precipitation.
It is unfortunate that complete records are not taken at all sta­
tions because, unless the wind velocity and the relative humidity are 
known, the evaporation records from a station at one point cannot be 
used at another point without danger of being seriously in error, even 
if only a few miles away. A good example of the differences between 
nearby stations is given by the results from two evaporation pans 
near Yuma, which are 7 or 8 miles apart. The difference in the annual 
evaporation from the two pans is 47 inches, which is more than the 
total annual evaporation at many stations. The records at these sta­
tions, however, reveal that the wind velocity at the station with the 
higher rate is more than twice what it is at the one with the lower 
rate, and the air temperature is also higher.
The Weather Bureau is at present carrying on a study of the 
accuracy of different types of rain and snow gages. Since evapora­
tion records must be corrected for precipitation by adding the pre­
cipitation to the indicated loss, it is important that the precipitation 
readings be accurate. In conducting evaporation experiments at Fort 
Collins, it was frequently necessary to discard records taken during 
periods of heavy rainfall because the rain collected in the gage dif­
fered considerably in quantity from that falling in the evaporation 
pans.
The Weather Bureau is also planning some special studies on 
evaporation in addition to the routine observations at the regular 
evaporation stations. This program will probably include a study of 
the evaporation from snow and ice, which is very much needed at 
the present in connection with water supply forecasts from snow 
course records.
B u r e a u  o f  P l a n t  I n d u s t r y ,
O f f ic e  of  D r y  L a n d  A g r ic u l t u r e
Evaporation records have been kept at the Field Stations of the 
Office of Dry Land Agriculture of the Bureau of Plant Industry 
since most of the stations were started. At the present time observa­
tions are being made at 21 stations, although records were obtained 
at 8 other stations for a portion of the period. A summary of the re­
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suits of these evaporation observations for the period from the be­
ginning of the records to 1920, inclusive, is given in Volume 49 of 
the Monthly Weather Review, and the record of the results from 1921 
to 1932, inclusive, in Volume 62 of the same journal.
These data are based on records from 6-foot circular tanks, 24 
inches deep, sunk into the ground to within 4 inches of the top. Air 
temperature, wind velocity, precipitation and humidity are observed 
daily. Water temperature records have not been taken since 1917. It 
is to be regretted that they were discontinued because the water tem­
peratures have an important effect on the rate of evaporation.
The Bureau of Plant Industry is interested in evaporation from 
the standpoint of its effeet on dry land agriculture. So far as is 
known, no attempt has been made by the Bureau to correlate the 
evaporation loss and the meteorological factors, the chief interest be­
ing in the rate of loss. The evaporation records collected by the 
Bureau of Plant Industry are useful also to engineers in determin­
ing the loss from reservoirs by evaporation because it has been found 
that the losses from these pans are only slightly greater than the losses 
from reservoirs, the conversion factor being 0.942; that is, the reser­
voir evaporation is 94 percent of the pan evaporation.
B u r e a u  of  R e c l a m a t io n
The Bureau of Reclamation of the Department of the Interior, 
which is responsible for the planning and construction of most of the 
large irrigation projects completed in recent years, has carried on 
extensive evaporation studies on these projects for the purpose of as­
sisting in the determination of the quantity of water available for 
irrigation. At various times they have maintained evaporation pans 
at 40 different stations. The results of the observations on these pans 
from the time of installation to 1923, inclusive, have been reported by 
Houk in Volume 90 of the Transactions of the American Society of 
Civil Engineers.
According to Houk, the U. S. Weather Bureau specifications have 
usually been followed on land pan installations, although deviations 
have occurred to meet local conditions. Floating pans used in meas­
uring the evaporations from reservoirs were of the U. S. Geological 
Survey type, which is 3 feet square and 18 inches deep, and of the 
U. S. Weather Bureau type, which is the same as the Class A land 
pan except that it is partially submerged in the water and surround­
http://ir.uiowa.edu/uisie/20
ed by a raft which supports the pan and protects it to some extent 
from the splash of waves.
Most of the evaporation records are for the period from April to 
October, inclusive, but some of them are for the entire year. Tem­
perature observations were made at all stations and at some of them 
wind velocities, also, were observed. Direct measurements of the 
evaporation from reservoirs were not made, so comparisons between 
the evaporation from land and floating pans and that from the res­
ervoir could not be obtained.
Recently the Bureau of Reclamation installed three floating pans 
in Lake Mead, one on the Arizona side and one on the Nevada side, 
both near the dam, and one at Pierce’s Ferry, 76 miles above the 
dam. On shore near the floating pans corresponding land pans were 
installed, and in addition a pan was installed at Boulder City. All 
the pans were of the U. S. Weather Bureau Class A type.
The purpose of these evaporation studies is to find out as nearly 
as possible what the loss is from Lake Mead, so that it will be possible 
to estimate how much water will be available for irrigation and for 
power and how much capacity must be provided for flood con­
trol. Lake Mead has a capacity of 30,500,000 acre-feet and a surface 
area, when filled to capacity, of 145,600 acres. The annual evapora­
tion loss is somewhere between 600,000 and 1,000,000 acre-feet. If 
available for irrigation, it would provide water for from 250,000 to 
500,000 additional acres. In terms of stream flow, it is the equivalent 
of a stream with a flow of from 800 to 1400 cubic feet per second, 
which is a fair sized river. The importance of evaporation from the 
standpoint of agriculture is apparent from these figures.
A floating pan of the Weather Bureau type has been main­
tained by the Bureau of Reclamation since 1911 on East Park Lake 
at Stonyford, California. Here, in 1930, during July and August, 
the Bureau of Agricultural Engineering carried on a series of evap­
oration observations to determine the ratio of the evaporation from 
various types of pans to that from the reservoir. There was practically 
no inflow and very little outflow during this period, and what there 
was could be measured accurately. Evaporation observations were 
made at three widely separated points on the reservoir by measuring 
the elevation of the water surface. For comparison, readings were 
taken on a Class A land and a Class A floating pan, a Colorado sunken 
pan and a circular sunken pan 4 feet in diameter and 3 feet deep.
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During the period of the test, the average evaporation from the reser­
voir was 69 per cent of that from the Class A land pan, 78 per cent of 
that from the floating pan, 75 per cent of that from the Colorado 
sunken pan, and 78 per cent of that from the 4-foot circular sunken 
pan. A similar comparison by the Bureau of Agricultural Engineer­
ing at Fort Collins, Colorado, between the evaporation from an 85- 
foot circular, copper-lined reservoir and the different types of evap­
oration pans showed similar results. Experiments at Denver, Colorado, 
by the Bureau of Agricultural Engineering, and at Milford, Utah, 
by the United States Geological Survey gave approximately the same 
results.
The comparisons show that there is apparently a very definite 
relation between the evaporation from the different types of pans and 
that from a large body of water; and as shown by Sleight3 in his 
work at Denver, the ratios are constant regardless of the size of the 
lake or reservoir, if 12 feet or more in diameter.
B u r e a u  of  A g r ic u l t u r a l  E n g i n e e r i n g
The question has been raised, however, as to whether these ratios 
remain constant throughout the year. Observations made in California 
indicate that these ratios are not constant and therefore the Bur­
eau of Agricultural Engineering started several years ago to make 
observations in California to determine what these monthly ratios 
are. This work is being carried on by Mr. A. A. Young at Fullerton 
and Baldwin Park. Comparisons are being obtained between the 
evaporation from the various types of standard pans and that from 
a 12-foot circular sunken pan at Fullerton and a 6-foot circular 
sunken pan at Baldwin Park. Both pans are 3 feet deep. Comparison 
of records from the 12-foot pan and the Class A Weather Bureau pan 
at Fullerton show that for California conditions the ratio is 0.77, as 
the average for the entire year, and 0.79 for the period from April 
to November, inclusive, instead of 0.70 as was found at Fort Collins. 
At Baldwin Park the results found were not consistent. The observa­
tions at Fullerton indicate that in general the ratio increases in the 
summer with the increase in temperature and decreases in the winter 
with the decrease in temperature.
Other studies being carried on by the Bureau of Agricultural En ­
gineering in California are: (1) the relation between the evaporation 
from a U. S. Weather Bureau Class A land pan and from a desert
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lake without known inflow or outflow, and probably without seepage 
loss; (2) the effect of shade on the evaporation from small pans; (3) 
the variation in evaporation at different points in a reservoir or lake;
(4) the effect of salt solutions on the rate of evaporation; and (5) 
the influence of color of pan on the rate of evaporation.
A study was carried on several years ago by Mr. Young to de­
termine the evaporation loss from covered reservoirs by comparing the 
evaporation from a pan floating in the reservoir to the evaporation 
from a pan fully exposed nearby. Both pans were of the Weather 
Bureau type. The reservoir, which had a capacity of 200,000 gallons, 
was completely covered by a circular frame building with a conical 
roof, and the only ventilation was from a 14-inch screened strip at 
the top of the wall, just under the eaves. The water supply was from 
underground sources and consequently had a very uniform tempera­
ture, ranging from 74 degrees in summer to 70 degrees in winter.
As would be expected, the evaporation from the floating pan in 
the reservoir was less than that from the land pan outside, but the 
interesting fact was that the evaporation from the pan in the reser­
voir was a minimum in August when the evaporation from the out­
side pan was a maximum, and was highest in the winter .when the 
evaporation from the pan outside was a minimum. In the winter the 
rate from the pan in the reservoir exceeded not only the rate of the 
pan outside, but also its own summer rate by a wide margin.
Mr. Young concludes from this study that from the standpoint 
of reducing the evaporation loss, the expense of building a shelter is 
not justified. However, other factors such as elimination of contami­
nation and reduction in the growth of algae may be controlling fac­
tors in deciding whether to cover a reservoir.
O t h e r  G o v e r n m e n t  A g e n c ie s
Evaporation investigations are also conducted by the United 
States Forest Service, the Tennessee Valley Authority, and the United 
States Geological Survey.
The United States Forest Service is carrying on extensive studies 
in range and forest management and in watershed control over a 
wide range of conditions, and in both the ecological and the hydro- 
logical studies, evaporation plays an important role. The Forest Ser­
vice makes evaporation observations at 50 stations in the National 
Forests, and in addition maintains a large number of lysimeters for
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the purpose of studying evaporation and transpiration rates. Twenty- 
three of the stations are first class stations, where complete meteoro­
logical records are kept. At the remaining stations only the evapora­
tion and the air temperature are observed. The pans are of the U. S. 
Weather Bureau Class A type.
The Tennessee Valley Authority is making observations on evapor­
ation from pans at four different locations in the valley. The obser­
vations are made daily throughout the year, and complete meteoro­
logical records are kept. The purpose of this study is to derive an 
evaporation formula applicable to the Tennessee Valley which may be 
used in computing reservoir evaporation from the meteorological data.
The United States Geological Survey carried on evaporation 
experiments for a period of years at Milford, Utah, and at Austin, 
Texas. The experiments at Milford are of particular interest. They 
were made on a Class A Weather Bureau land pan and a buried tank 
12 feet in diameter and 3 feet deep, for the purpose of determining 
the factor to use in converting Class A pan evaporation records into 
reservoir evaporation. The conversion factor obtained was 0.67, which 
compares with a ratio of 0.69 found at Stonyford, California, and 
0.70 at Fort Collins and Denver, Colorado. The work at Milford has 
been discontinued.
U n iv e r s it y  of  I o w a
The University of Iowa, in co-operation with the Flood Fore­
casting Branch of the U. S. Weather Bureau and other agencies, is 
making a study of the effect of insulation on Class A Weather Bureau 
pans at Lake Okoboji. They are also preparing to study the effect of 
difference in water level on the rate of evaporation from Weather 
Bureau pans. Mariotte constant level tanks will be used for controlling 
the water level in these pans, one at the maximum level and one at the 
minimum level permitted in Class A stations. A third pan will be al­
lowed to fluctuate between these limits in the normal manner.
C olorado  E x p e r i m e n t  S t a t io n
In May, 1890, evaporation records were started on a buried tank 
3 feet square and 3 feet deep at the Colorado Experiment Station, 
by Professor L. G. Carpenter. These observations have been con­
tinued ever since and now constitute what is believed to be the long­
est record of evaporation in the United States.
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G r e a t  L a k e s  S u r v e y
In  the study of the hydrology of the Great Lakes, the most impor­
tant factor is the evaporation from the water surface. Colonel Pettis4, 
in making a quantitative study of the hydrology of Lake Superior, 
found that the total annual contribution to the lake from all sources 
was 62.6 inches, of which 35.6 inches, or 57 per cent, was lost by 
evaporation. Freeman5, in his report on the regulation of the Great 
Lakes makes the statement that “ for long periods each year more 
water is evaporated from the lake surfaces than goes over Niagara 
Falls.”
The Lake Survey has maintained five evaporation stations of 
the Weather Bureau type on the lakes since 1937. The pans are in­
sulated and an attempt was made to keep the water temperature the 
same as the lake temperature. However, in doing this they were not 
entirely successful. Complete meteorological records were kept. The 
results of this study are reported in the April, 1939, Proceedings of 
the American Society of Civil Engineers. The rate of evaporation 
from these pans indicated that there was no correlation between 
humidity and evaporation and that it was an effect of evaporation 
rather than a cause. Our experiments, however, under controlled 
conditions in the laboratory at Fort Collins, showed that the evapora­
tion was directly proportional to the difference in vapor pressure, 
which is a function of the relative humidity, the air and water tem­
perature.
Folse6 of the Carnegie Institute, working on the evaporation 
from the Great Lakes concluded that the evaporation varied with the 
difference in vapor pressure, but that the wind did not increase the 
evaporation until it was greater than 10.8 miles per hour. Obviously, 
such contradictory conclusions cannot all be correct. They indicate 
that information available on evaporation from large bodies of water 
is unsatisfactory. The conclusions of Folse were based on a statisti­
cal study of the water levels of the lakes.
S c r ip p s  I n s t i t u t i o n  op  O c e a n o g r a p h y
In the evaporation studies previously referred to, the evapora­
tion was investigated in relation to the meteorological factors that in­
fluence the rate of evaporation. There is, however, a noticeable ten­
dency at present to abandon this method of approach and to study 
evaporation in relation to the aerodynamic and thermodynamic prin­
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ciples involved. Studies are being conducted for the purpose of de­
termining the correlation between evaporation and the rate of dif­
fusion of the vapor layer that lies immediately above the water sur­
face or the rate at which the vapor layer further removed from the 
water surface is dispersed by eddy conduction or convection. This 
principle was utilized by Sverdrup7 of the Scripps Institution of 
Oceanography in computing the evaporation from the ocean. Where 
the evaporation was known as shown by pan records on shipboard, 
there was a reasonably close agreement between the observed and the 
computed evaporation.
U n iv e r s i t y  of  C a l if o r n ia
Another series of tests in which a different method of approach 
was used was carried on at the University of California recently. 
In this series the correlation between the evaporation and the dif­
ference in vapor concentration near the water surface and far away 
was studied under controlled conditions in quiet air. Of particular 
interest in this study was the method used in measuring the evapora­
tion loss which consisted of an optical wedge by which the drop in 
the water surface was indicated by the change in the number of 
interference bands produced when a ray of green light was projected 
onto the wedge.
The drop in the water surface
AH = An —
Lx 2
where, An =change in number of interference bands 
L =  length of lever arm 
Zvj=* distance between etched marks on glass 
A =  wave length of light used.
This method was very effective in measuring very small losses, but 
it could not be used when evaporation was occurring at a rapid rate 
because the interference bands changed so rapidly that they could 
not be counted.
S c r ip p s  I n s t i t u t i o n  of  O c e a n o g r a p h y ;
C a l if o r n ia  I n s t i t u t e  of  T e c h n o l o g y
Experiments have also been carried on to determine the rela­
tion between evaporation and solar radiation or insolation. This work 
was done at the Scripps Institution of Oceanography and the Cali­
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fornia Institute of Technology by Cummings, Richardson, Bowen 
and McEwen. Since the sun is the source of the heat necessary to 
vaporize the water lost by evaporation, it would seem to be quite a 
simple problem to determine the evaporation if the solar radiation for 
the area is known. However, not all the radiation from the sun falling 
on a body of water is used for evaporation. There is a definite loss 
by back radiation, some loss by conduction, and in the spring when 
the water is warming up, there is a large amount of heat stored in 
the water, which is given up in the fall when the water starts to cool. 
The air in contact with the water surface also carries off some of the 
heat absorbed from the sun. According to Richardson8, evaporation 
utilizes only about 50 percent of the insolation at the water surface. 
The remainder is lost in the manner just described. Of these losses, 
back radiation is the most important item and is usually more than 
all the others combined. Most of these losses can be evaluated with a 
reasonable degree of accuracy, if the necessary data are available.
S oil  C o n s e r v a t io n  S e r vic e
The Soil Conservation Service, in connection with its soil erosion 
studies, is also conducting evaporation experiments in which a new 
method of attacking the problem based on aerodynamic theory is be­
ing utilized. The vapor gradient above the surface studied and the 
turbulence are the factors involved in this method. The procedure 
used was developed by Thornthwaite and Holzman. The vapor pres­
sure, is determined at two different levels by means of hygrothermo- 
graphs and the rate of movement of the air and vapor is determined by 
anemometers at these levels. Prom the anemometer readings and the 
temperature and humidity record, it is possible to compute the vapor 
content of a given mass of air at each level and also the rate of vapor 
transfer. This is a measure of the rate of evaporation from the sur­
face being studied. It is expressed by the formula
'T-f-459.4
where E  = evaporation in inches per hour;
Ci, e2 =  vapor pressure in inches of mercury at the two levels;
Mi, w2 = wind velocity in miles per hour at the two levels; 
and T — temperature.
The Soil Conservation Service is investigating the evaporation 
and transpiration from different types of cover, but the principles
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could be applied just as well to the evaporation from water surfaces. 
Equipment for making the observations has been installed over 5 
different types of cover at Beltsville, Maryland, 5 sets of equipment 
have been installed in the Muskingum valley in Ohio, and 10 more 
sets are now being installed. One set is being sent to Berkeley, Cali­
fornia, to measure the amount of water accumulated by condensa­
tion on plants and on the ground. A more detailed description of this 
method appears in the January, 1939, issue of the Monthly Weather 
Review.
C o n c l u s i o n
As a result of the evaporation studies being conducted by these 
agencies, more accurate and more complete information is becoming 
available as to rate of evaporation in different parts of the United 
States. At the same time, the laws governing evaporation are becom­
ing better known and new facts based on the fundamental relation­
ship between evaporation and the physical factors are being dis­
covered. At the present time, the opinions as to the effect of the 
various factors on evaporation are many and diverse. It is hoped that 
the present studies will help to reconcile these diverse views, when 
possible, and permanently eliminate those views that are found to be 
in error.
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by
W. G. Hoyt 
Hydraulic Engineer, U. S. Geological Survey 
Washington, D. C.
To an unknown philosopher, probably a Persian, who lived more 
than 2,000 years ago, must be credited one of the first broad de­
ductions relating to the hydrologic cycle. His observation as recorded 
in the Book of Ecclesiastes, Chapter 1, Verse 7, is as follows: “ All 
the rivers run into the sea; yet the sea is never full: Unto the place 
from whence the rivers come, thither they re tu rn” . We may know 
more today about the mechanics of the rainfall-runoff-evaporation 
cycle, but the accuracy of the basic observation made centuries ago 
remains unchanged.
Among the first in this country to determine quantitative rela­
tions between rainfall and runoff were Newell, Gannett, Babb, Rafter, 
and Vermeule, to whose studies in the early nineties we still refer. 
Well-known present day investigators include Mead, Meyer, Horner, 
Houk, Horton, Sherman, and a host of other enthusiasts too numerous 
to mention who are making remarkable progress in the development 
of new technique.
Each river basin in which there are continuous observations of 
stream flow and meteorologie phenomena constitutes a potential field 
laboratory for hydrologic research. The importance of this potential 
laboratory must not be overlooked in our present-day intensified 
studies of hydrologic phenomena through the medium of hydraulic 
laboratories and small experimental areas. Each has an important 
place in the broad field of scientific and applied hydrology. The 
more generalized results of the large basin-wide studies disclose ten­
dencies, the exact mechanics of which may be examined through in­
tensive studies in small areas. On the other hand, unless the results 
of the experiments on small areas can be applied to larger areas, their 
contribution in major present day hydrologic problems which are 
necessarily basin-wide in scope may be more theoretical than prac­
ticable.
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By means of lysimeters and evaporation pans we may determine 
evaporation and transpiration from small areas. By means of plots 
the amount of direct surface runoff may be determined under dif­
ferent conditions of rainfall experiences and changing surficial cover. 
In the laboratory we may determine laws governing the flow of water 
in channels and through the ground and may even simulate channel 
storage in a major basin as has been done by Professor Thomas at 
Pittsburgh. Each device, however, only measures one phase of the 
hydrologic cycle and, while we may combine the results obtained and 
thus simulate actual stream flow under a certain set of conditions, the 
accuracy of any such artificial record must await verification by 
basin-wide observations; for, after all, the stream flow as it passes 
a river-measurement station reflects the practical operation of all the 
various phases of the hydrologic cycle as modified by inherent basin 
characteristics and ever-changing meteorologic conditions.
I can perhaps illustrate a point I have in mind by reference to 
observations made during the outstanding storm and flood of March 
1938 in Southern California. During two 24-hour periods separated 
by less than a day, about 25 inches of rain fell on the steep 
slopes of the San Gabriel and the San Bernardino Mountains, tribu­
tary to the coastal plain on which the city of Los Angeles and adja­
cent communities are located. Observations of runoff from small 
plots, so located as to be typical of much of the contributing steep 
mountainside, indicated practically no direct surface runoff, maxi­
mum runoff values being about .17 inch with precipitation of about 
24 inches. Yet less than four hours after the period of maximum 
rainfall intensity, much of the South Pacific coastal area was 
deluged by a flood which took a toll of 87 lives and did direct prop­
erty damage conservatively estimated at $78,000,000. It would ap­
pear that on the basis of plot observations such a flood could not 
have occurred. On the basis, however, of observations of the dis­
charge from drainage areas, as such, the characteristics of the flood 
water that actually accumulated in river channels (whether as direct 
surface runoff or as outflow from infiltrated water to be later de­
bouched onto the flood plain) are known. The plot observation gives 
a valuable insight into the mechanics of runoff in this particular 
area. Basin-wide observations give information essential in the vital 
flood problem involving the disposal of the flood waters, which in 
portions of the area amounted to as much as 10 inches in a period 
of 24 hours.
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To those who are accustomed to the accuracy and refinement 
of laboratory practice, where, through precise observation, the mag­
nitude of each constituent element and their water relationship are 
known, the information generally available for basin-wide study no 
doubt seems crude. It may be felt that conclusions based thereon 
must necessarily be uncertain. I t  is necessary to remember, how­
ever, in this connection that although any individual measurement 
or deduction therefrom may be considerably in error, averages based 
on a large mass of accumulated information under appropriate con­
ditions are likely to be reliable and the indicated tendencies may 
reflect closely actual conditions. For example, in connection with 
the rainfall-runoff studies of the floods of March 1936 which oc­
curred simultaneously over all the northeastern part of the United 
States from Virginia to Maine, the records of nearly 2,000 precipi­
tation stations, snow surveys, and snow observations were compiled 
and analyzed. Hydrographs of mean daily discharge for the months 
of February, March, and April were plotted and studied for 420 river- 
measurement stations. All sources of information regarding tem­
perature as it may have affected the melting of snow and of frost 
as it may have affected the runoff were examined, even including 
reports of all superintendents of cemeteries regarding frost pene­
tration. Conclusions drawn from such a mass of information must 
closely represent actual conditions and may, it seems to the writer, 
be used with confidence. For example, the general uniformity of the 
results suggests that for most of the 200,000 square miles affected by 
the storm of March 1936 the direct runoff during the resulting flood 
was predominantly a function of the total amount of water on the 
area, in the form of rain and melting snow, and differences in inherent 
basin characteristics such as size, shape, cover, topography, channel 
conditions; and other features apparently had relatively little in­
fluence on the total direct runoff. These factors did, however, in­
fluence the degree to which the flood runoff was concentrated with 
respect to time. The studies further showed that only a relatively 
small amount of water was retained in the basin during this out­
standing early spring storm. The amount so retained averaged 
three to four inches as compared to runoff of from eight to twelve 
inches. On the other hand, a similar study has recently been com­
pleted of the outstanding floods which occurred in the Sacramento 
and San Joaquin rivers in central and northern California during
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December 1937 and, in southern California, of the flood of March 1938. 
In this study 1,600 precipitation records were compiled and an­
alyzed, including the analyses by hours of nearly 100 recording rain 
gage records and several hundred continuous water-stage recorder 
records. The general conclusion is reached that in much of this 
semi-arid country the total runoff from rainfall somewhat similar in 
depth to the March 1938 storm was not so much a function of the 
total rainfall as it was a function of the ability of the area to absorb 
and retain water. Residuals or differences between rainfall and 
direct runoff ranging from 10 to 15 inches were common over wide 
areas and residuals as low as four inches were the exception, not the 
rule. Definite and well supported conclusions such as these over 
wide areas have immediate value to those who are studying the basic 
causes of floods and remedial measures for protection therefrom.
The topic assigned the writer covers “ current technique.” Fun­
damentally, the current technique consists largely of sifting and re- 
sifting a large mass of information. Lord Kelvin has remarked that 
“ many of the greatest discoveries of science have been but the re­
ward of accurate measurement and the long-continued labor in the 
minute sifting of numerical results.”  These processes are funda­
mental in rainfall-runoff analyses and to this extent they can per­
haps be classed as a science.
One of the first major analyses carried on by the Geological Sur­
vey was sponsored by what was originally the Mississippi Valley 
Committee, and later the W ater Resources Committee of the National 
Resources Committee. The study related largely to droughts. All 
of our more recent studies have been related largely to floods. It 
is strange, but nevertheless true, that during the last decade there 
have occurred some of the most outstanding widespread droughts 
and floods since the time of settlement by whites. Droughts and 
floods have occurred from 1930 to date in more than half the coun­
try, the severity of which has been exceeded rarely, if ever, in the 
history of the country, and were climaxed by the hurricane which 
swept through New England last September after immunity in that 
area for probably more than 100 years and which resulted in the 
loss of over 700 lives and 300 millions of dollars in property damage. 
From an administrative standpoint these unusual manifestations 
of nature have created outstanding problems of relief and control. 
They have also disrupted agricultural policies based on some hoped-
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for degree of normalcy. From a technical standpoint these unusual 
occurrences have offered an excellent opportunity to study the char­
acteristics of floods and droughts and their relations to meteorologic 
conditions and climatic provinces. In fact, the hydrologist is rarely 
much interested in normal conditions. When Wall Street or the 
weather makes the front page it is well for the public to stay indoors, 
but for the hydrologist unusual weather signifies unusual activity 
on his part.
The general problem of studies of relations between rainfall 
and runoff presented by the Mississippi Valley Committee was not 
specific and it was necessary to examine in a rather broad and ex­
ploratory manner certain phases of relations between rainfall and 
runoff and the factors that affect these relations. In 1930 the upper 
Mississippi Valley was experiencing an unprecedented drought of 
such magnitude that a prominent governmental official painted a 
word picture in which he saw the stark skeleton of what is now Kan­
sas City rising in the midst of an uninhabited sand dune. The Com­
mittee hoped, among other things, that the studies would show to 
what extent over wide areas m an’s occupancy had caused meas­
urable changes either in meteorologic conditions or in stream flow. 
With respect to this moot question it was clearly shown that during a 
period of less than 100 years changes of sufficient magnitude have 
occurred in meteorologic and hydrologic conditions to affect m an’s 
activities in certain parts of the United States. No definite indica- 
sion could be found, however, that any of these changes over wide 
areas had resulted from m an’s occupancy. One interesting fact dis­
closed was that insofar as several major stream basins are concerned 
there was less annual runoff from the same amount of rain under 
conditions as they existed from 1930 to 1935 than formerly. This is 
somewhat at variance to the opinion frequently expressed that 
streams are “ slicker”  or more “ flashy” than formerly. The studies 
seemed to disclose that the condition outlined may relate to tem­
perature. In fact, it was indicated that much of the serious water 
shortage which existed in the central West during several years 
between 1930 and 1935 may have been directly related to a very de­
cided upward trend in temperatures and its effect on evaporation. 
When we consider that of the total precipitation only that portion 
which escapes evaporation and transpiration is made available for 
man’s use, in streams or as ground water, the importance of tem­
perature changes is evident. Especially is this true throughout
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this great Mississippi Valley and adjoining Red River Valley on the 
north Avhere the average annual requirements of evaporation and 
transpiration so nearly equal the average annual precipitation tha t 
any changes which would tend to increase the losses would m ate­
rially affect the amount of water available for stream flow and for 
the replenishment of soil moisture and ground water. Time does 
not permit, however, a general discussion of the many interesting 
facts disclosed regarding droughts, climatic cycles, soil moisture, 
ground water, and related features.
Analyses in connection with these problems involved a nation­
wide study of many long-time observations of precipitation and tem> 
perature for the pui’pose of determining changes and trends by 
major and minor areas and an analysis of the long-time records of 
stream flow collected by the Geological Survey and cooperating 
agencies, not only in terms of total runoff, but broken down into its 
component parts, i.e., the determ ination of the quantities tha t 
reached stream channels essentially as direct surface runoff and 
that part which consisted of outflow from ground water reservoir. 
The analysis included graphical study and other means for corre­
lation of the direct surface runoff and flood-producing storms and 
also the investigation of changes in soil moisture as related to 
meteorologic conditions. The group making this study had the ad­
vice and consultation of a committee of engineers and hydrologists 
appointed by the Section of Hydrology of the American Geophysical 
Union.
Analyses in connection with the flood studies have involved the 
collection and compilation of all available information relating to 
rain, snow, ice, temperature, and frost during the storm-producing 
period and for pertinent antecedent periods; the determination of 
the amount of w ater available for runoff for each m ajor and minor 
drainage basin affected by the s to rm ; the analysis of each hydro ­
graph of stream flow to determine the amount and distribution of 
the direct runoff resulting from the particu lar s to rm ; the adjustment 
of the observed direct runoff for changes in channel storage in order 
more nearly to synchronize as to time the rainfall and the runoff. 
Not only has the total retention or difference between rainfall and 
runoff been determined, but also, where hourly records of precipi­
tation have been available, the average rates of absorption, or infil­
tra tion  indexes.
Some of the more or less general conclusions reached as a result
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of flood studies in New England and California have been briefly 
outlined. In  addition, a very detailed study has recently been com­
pleted of the hydrologic features associated with the great flood in 
the Ohio River during Jan u ary  1937. Geologists in the Geological 
Survey have concluded th a t  “ Available geologic evidence, suggestive 
ra ther than compelling, seems to show tha t in part of the valley 
studied the flood exceeded in height any previous flood.” Air-mass 
analyses by the W eather Bureau indicate th a t  the to tal precipitation 
which occurred during the December storm was within about 15 per 
cent of what they consider the maximum possible for this particular 
area. Like the storm of March 1936, the Ohio River storm of January  
1937 covered about 200,000 square miles. The storm of March 1936 was 
so centered, however, th a t  the runoff therefrom was distributed oyer 
several m ajor drainage basins and the flood waters found their out­
let to the ocean through the St. Lawrence, Ohio, Connecticut, Hud^ 
son, Delaware, Susquehanna, Potomac, James and other N orth Atlan­
tic Coast streams. The storm of Jan u a ry  1937 was centered largely 
over the Ohio River basin and the entire runoff therefrom amountr 
ed to about 90,000,000 acre feet, or, to those who like to think in 
terms of cubic feet, some 3,920,400,000,000 cubic feet of water, which 
had to flow out of the basin through the single river channel of the 
Ohio River at Cairo. Such accumulations of w ater in one channel 
resulting from a single storm period are extremely rare. The rain- 
fall-runoff studies disclosed some interesting features. Although, as 
has been mentioned, the flood stages along the Ohio River proper, espe­
cially from Cincinnati to the mouth, were, by and large, the highest on 
record, the stages on none of the tributaries to the Ohio River broke 
previous records. This peculiar condition resulted from the occur­
rence during the full storm period of five or six individual storms 
which caused a series of isolated peaks on the tributaries, few ol 
which broke previous records. All of the runoff from these isolated 
peaks gradually accumulated in the Ohio River channel and in its 
overflow section, with a result that during the flood the inflow to the 
Ohio River channel exceeded the outflow by 39,000,000 acre feet, or
1 times the capacity of Lake Mead formed by Boulder 
Dam, the largest artificial reservoir in the world. Shortly afte r the 
period of most intense precipitation, w ater was flowing into the Ohio 
River channel reservoir at the rate of nearly 5,000,000 acre feet a 
day or enough to have filled Lake Mead in six d a y s ; whereas it
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would take about two years to fill Lake Mead if all the runoff of the 
Colorado River were impounded back of Boulder Dam. On January  
28, 1937, 27,300,000 acre feet was being temporarily detained in the 
Ohio River channel a t elevation above the flood stage as defined by 
the W eather Bureau. This figure gives some approximation at least 
of the vast amount of w ater th a t  would have had to be stored or 
otherwise re tarded to have kept the w ater in the channel of the Ohio 
River at or below the danger level.
On the average, of the 12.85 inches of ra in  which fell on the 
Ohio River Basin during the period December 26, 1936, to January  
25, 1937, about 8.8 inches flowed past Cairo in the flood and four 
inches was retained in the basin as surface or ground storage. Here 
again the general uniform ity of the residuals, or differences between 
rainfall and runoff, indicates that differences in basin characteristics, 
cover, or land use practices, had little effect on the residuals so that, 
conversely, it may be argued th a t  such practical modifications as 
eould be made in cover or in increasing absorption would have little 
effect upon the runoff during floods of the magnitude indicated, and 
more especially those that occur during the w inter months, in the 
north central and northeastern parts of the United States, when 
frost may reduce infiltration capacities almost to zero. Analyses 
of the floods in the northeastern part of the United States during 
March 1936 seemed to indicate th a t rates of absorption increased 
downstream. Analyses just completed of the hurricane flood of 
September 1938 clearly confirm this observation for New England 
rivers. Average rates of absorption increased from about 0.06 
inch per hour for drainage basins in headwater areas to about 0.20 
inch per hour for downstream areas. These recent studies also 
seemed to confirm an earlier surmise th a t insofar as drainage basins 
in the northeastern part of the United States were concerned there 
is probably no definite rate of ground absorption below which there 
will be no runoff and above which there will be runoff.
All of the studies which have been made indicate the important 
par t th a t  natu ra l storage in channels and overflow areas plays in 
the flood problem through the ironing out of the flood peaks. In 
many areas topographic and physiographic features fix a definite 
limit on the amount of artificial storage tha t can be provided. Wc 
also know, or should know, th a t  depending on various conditions 
there are limitations in the ability of the ground to absorb and retain
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water. True it is th a t  the soil through its ability to absorb water 
constitutes a great underground reservoir—a reservoir, however, 
tha t has only a limited capacity and otherwise may be unreliable in 
tha t the rates of inflow and outflow are not subject to control by 
man. We also th ink of w ater in the form of snow or ice as consti­
tuting' n a tu re ’s large surface water-supply reservoir. Such a reser­
voir is, however, also fickle and unreliable in th a t  its effectiveness 
and reliability depend on climatic whims and not on the control of 
man. Floods rarely occur when either of these reservoirs has capaci­
ty  available and is in the process of storing water. On the other 
hand, any one who has analyzed meteorologic and hydrologic condi­
tions during our widespread floods will realize th a t  they have re­
sulted from or been aggravated by either the release of w ater stored 
in the form of snow or ice, or the inability of the earth to absorb 
water, or a combination of these conditions, both of which relate 
largely to temperature.
In  many areas the flood problem will not be entirely solved until 
our citizens recognize th a t  nature designed and formed river chan­
nels, valleys, and overflow areas for the temporary storage and 
eventual passage of flood waters. As long as man continues to use 
and occupy these channels and flood plains for homes, farms, high­
ways, communities, and cities, flood damage and loss of life will be 
inevitable. In  such areas the quick, accurate, and dependable flood 
forecasting offers one of the principal precautions against flood 
damage and there is being built up in the River and Flood Division 
of the W eather Bureau a forecasting technique based largely on ra in ­
fall and runoff analyses.
Another type of rainfall-runofif analysis is now being actively 
carried on cooperatively by the W eather Bureau and the Corps of 
Engineers. Their study relates to the derivation of maximum floods 
th a t may be expected to occur in any river basin. These studies are 
essentially basin-wide in scope. The designation of the section in 
the W eather Bureau where these studies are conducted—namely, 
“ hydrometeorological”—indicates the active participation in the 
studies by meteorologists as well as by hydrologists. Two principal 
steps are involved—first, the shifting or transposing of major storms 
th a t have occurred to drainage basins in such a position th a t  the 
maximum concentration of flood water results and the determ ina­
tion of the probable runoff th a t  would have occurred had the storm
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so centered; and second, through air-mass analysis, the determina­
tion of the probable maximum storm rainfall th a t  can occur in any 
area, from which some idea of the magnitude of the so-called 
“ super-flood”  may be approximated. I visualize that eventually, 
through rainfall-runoff analyses, there will be readily available for 
each river basin, as for example the Iowa River above Iowa City, 
information showing the flood magnitude and characteristic o f : first, 
the maximum flood of re co rd ; second, the probable flood th a t  would 
have occurred had the maximum storm of record in the Mississippi 
Valley been centered over the Iowa River Basin in such a position 
that maximum concentration of flood water would have resulted; 
and third, the magnitude of the flood th a t  could occur under the most 
extreme storm conditions deemed possible, even though there may 
be no historic record of such a storm.
Analyses of flood characteristics being made by the w riter and 
others seem to indicate tha t there may be a relation between flood 
characteristics and climatic provinces. Certain it is th a t  the magni­
tude of flood runoff and the degree to which it concentrates in river 
channels vary within wide limits. To a considerable extent these 
variations may relate to the physiographic and edaphic features of 
the drainage basins as they have been developed by the geologic and 
climatic history of the particular province in which they are located. 
Floods in the arid  or semi-arid west have different characteristics 
from those in the humid east or subhumid portions of the upper 
Mississippi River valley. Floods associated with melting snow have 
different characteristics than  floods resulting wholly from rain. 
Flood-producing potentialities of vast intermountain valleys lying 
in the storm shadows of the massive mountain ranges of the west 
are less than those of the western slopes of these same mountains where 
moisture-laden air masses are wrung dry as they are deflected upward 
against their cold fronts. To the extent that different zones or prov­
inces can be delineated, the flood problem becomes simplified.
The members of the faculties of our engineering schools would 
render an excellent service if they could instill into at least one stu ­
dent out of each graduating class an earnest desire to delve more 
deeply into unexplored hydrologic fields. We need to know much 
more about the mechanics of runoff: Through what paths does the 
water reach the defined stream channel, how much is direct surface 
runoff, and how much reaches the stream channel through the
http://ir.uiowa.edu/uisie/20
ground; how, through channel-storage corrections, can we coordinate 
the basin-wide results with plot experiments; and, taking into account 
the marked effect of climate, physiography, and geology on flood 
characteristics, what permanent changes can reasonably be made in 
flood characteristics over wide areas? The answers to these and many 
other questions are needed today in the field of applied hydrology. 
The basic principles can be taught in schools, but each student must, 
to a considerable extent, develop his own technique. The schools, as 
such, can also be of great service if they will continue to impress 
upon the public the value of basic rainfall and stream  flow data in 
the many, many problems of droughts and floods as they affect the 
present-day activities of our highly organized civilization.
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D e f i n i t i o n
Dimensional analysis is a tool for obtaining a desired physical law 
by following a systemized procedure. In  determining the arrangement 
and exponents of the universal constants and of the physical quanti­
ties, use is made of the fact that a correct physical equation must be 
homogeneous insofar as the dimensions are concerned.
The various parts of a problem are assigned their dimensional 
values expressed in terms, not of dimensions such as feet or pounds, 
but of the assumed primary or fundamental un itary  dimensions such 
as length, L, mass, M, and time, T. By determining the proper a r ­
rangement as well as the proper exponents of the various physical 
quantities, a mathematical formulation of the physical law is obtained 
such that the dimensional values of the terms on one side of the equa­
tion are equal to those on the other, i.e., the equation is homogeneously 
correct. For example, a velocity on one side of an equality must be 
equal to a product of terms on the other side having dimensions of a 
length divided by a time.
Having obtained an equation which is homogeneous, it is neces­
sary to carry on experiments to determine the experimental constants. 
Dimensional analysis assists one in deciding how to make use of the 
experimental data in the preparation of a plot from which the experi­
mental constants may be determined.
To be dimensionally correct, an equation must be in its simplest 
form. Thus, an acceleration would equal a length divided by a time 
squared while a velocity would be length divided by a time. An ac­
celeration plus a velocity, however, would read dimensionally 
L / T 2-\-L /T  which could not be done. Things dissimilar dimensionally 
cannot be added to or subtracted from one another although they may 
be multiplied or divided by one another.
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Another very important point is tha t if an analysis is to be com­
plete, all the factors which enter the problem must be considered. Fail 
ure to observe this fact will result in one’s discovering, after an equa­
tion has been deduced mathematically, that the observed data, when 
plotted to obtain the constants of the equation, do not lie on a smooth 
curve. The omission of a physical quantity prevents the determination 
of the desired experimental law.
F u n d a m e n t a l  D i m e n s i o n s
Dimensional analysis makes use of the dimensions of the various 
physical quantities, expressed in terms of the adopted primary or 
fundamental dimensions.
From our present knowledge of physical phenomena, five funda­
mental dimensions will be sufficient for all problems. They will define 
geometrical, kinematical, dynamical, thermal, and electrical properties.
Geometrical properties are usually described in terms of the 
fundamental dimension of length. I t  is conceivable that if one were 
studying a number of areas, it might be simpler to use the area of a 
square as a unit. In  general, however, a length dimension, L, has more 
universal application.
Kinematical properties, as a general rule, are defined in terms of 
the fundamental dimensions of length, L, and time, T.
Problems in mechanics require length, time, and some other 
fundamental dimension to describe the dynamical properties. There 
are several systems which might be used. The system adopted by 
physicist's uses mass as the th ird  dimension, the system being called 
the absolute system. The gravitational or technical or engineering 
system uses force, while other systems use energy and the gravita­
tional constant. W ith a system having the three fundamental dimen 
sions of length, time, and mass, all physical quantities in mechanics 
may be dimensionally defined. Using these dimensions, Table I  has 
been prepared, giving certain quantities and their dimensional repre­
sentation.
I f  the gravitational system with force as a dimension were used, 
the mass could be replaced by force since Newton’s second law of mo­
tion states that
Force =  mass X  acceleration 
F  =.1/ X  L/T*
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F  Y  T~from which M =  — T------ (1)
Ls
T a b l e  I
Symbols and Dimensional Formulae 
in Terms of Mass, M, Length, L, and Time, T, 
for Various Quantities
DIMENSIONAL
QUANTITY SYMBOL FOR Ml
Length L L
Area A Jj"
Volume V V
Time t T
Revolutions per Time n 1 /T
Angular Velocity Ù) \ / T
Velocity V L / T
Acceleration a L / r -
Rate of Discharge Q V / T
Mass M M
Density P M / I f
Weight M L /r -
Specific Weight (XJnit Weight) w M / v r -
Force (Total Pressure) F M L / T
Intensity of Pressure P M '/L T
Pressure Gradient M /L-T-
Work M V / T 2
iW rg y ML-/T-
Power (Energy per Unit Time) P M v / r
Momentum M L /T
Impulse
,1 M L /T
Moment of Inertia of Masses M U
Modulus of Elasticity E M / L T
Coefficient of Viscosity M /L T
Kinematic Viscosity V V / T
For thermodynamic properties, another fundamental dimension 
must be added to those adopted for the problems in mechanics. The 
most common system utilizes length, time, mass, and temperature. 
Temperature could have been added to a length-time-force system or 
to any other dynamical system. As measured on the ordinary ther­
mometer, whether using the Centigrade or Fahrenheit scale, tempera­
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ture is fixed by arbitrarily  selecting the interval between the freezing 
and the boiling point of water. I t  would be independent of the other 
three fundamental dimensions and might be selected as the fourth p ri­
mary dimension for thermodynamical properties. Specific heat could 
also have been selected.
For electrical properties, a system usually includes length and 
time. Mass and either electric charge or electrical permeability or the 
dielectric constant might be included to form the system.
These five dimensions which have been selected—namely : length, 
time, mass, temperature, and electrical permeability—are sufficient for 
expressing dimensionally all other physical quantities. Thus, density 
involves mass and length; unit stress involves length, time, mass, 
and temperature. Dimensions which are thus derived from the p ri­
mary dimensions are termed secondary or derived dimensions. Most 
of the physical quantities in Table I are derived quantities.
I t  is to be noted from this table that some of the quantities have 
the same dimensional values. From  this, it does not follow tha t these 
quantities are physically identical.
K i n d s  o f  Q u a n t i t i e s
Dimensionally there are two kinds of quantities—dimensional and 
dimensionless.
A dimensional quantity is one that can be expressed in terms of 
one or more of the arbitrarily  chosen prim ary dimensions. The co­
efficient of viscosity of a fluid has dimensions of ML-1 T~l and is a 
dimensional quantity.
A dimensionless quantity is one without dimensions and is, there­
fore, a pure number. Slope, which is a vertical distance divided by a 
horizontal distance, is a length divided by a length or is a length to the 
zero power and is dimensionless. A well known dimensionless number 
in the fluid-flow field is the Reynolds number, R. I f  R be the fraction 
vL/v  where v is a velocity or is L/T  ; L is a length such as the diameter 
of a pipe; and v, the kinematic viscosity, has dimensions L2/T,  then 
the Reynolds number reads
R = v L =L°r (2)
The units of measure of a dimensionless quantity—consistent 
within themselves—may be changed without altering the numerical
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value of the quantity. This is of great convenience in using data either 
in English or metric units.
U s e s  o f  D i m e n s i o n a l  A n a l y s i s
Dimensional analysis serves prim arily as a guide in planning the 
experimental program and, more particularly, in analyzing and corre­
lating the observed data. I t  has numerous uses, some of which were 
suggested by Buckingham.1
(1) It  directs attention to the physical quantities which must be 
measured and indicates the simplifying assumptions that may have 
to be adopted.
This results in the experimenter first enumerating all the factors 
on which a phenomenon depends, since, unless all the factors are used, 
the analysis will be incomplete.
(2) Dimensional analysis reduces the number of separate quanti­
ties that must be varied and suggests the most economical way of ob­
taining the desired information.
This leads one to complete as concise an experimental program as 
will enable him to obtain the desired results.
(3) Dimensional analysis, by showing that certain empirical 
equations cannot possibly be valid dimensionally, warns against using 
them without due regard to the units of measurement. Furthermore, 
it cautions against trusting them too fa r  outside the range of experi­
mental values for which they were deduced and for which they may 
fit the data. An example will illustrate this use.
In  the field of hydraulics, D ubuat’s formula for the flow of water 
over a vertical, rectangular, suppressed weir without velocity of ap ­
proach is
Q = c% B V2<7 .ff3/2 (3)
where Q is the rate of discharge, B  is the length of the weir crest, <j 
is the acceleration due to gravity, H  is the head on the weir.
Dimensionally, this equation reads
¿ 3 _  r ¡ L  A  fa\
rp  ^ \  T 2 J1 ^
so that c must be dimensionless.
Professor Theodor Rehbock of Karlsruhe, Germany, studied all 
reliable experimental data on the flow of water over rectangular,
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sharp-crested, fully-aerated, vertical suppressed weirs and proposed 
for c the value
1 , 0 . 0 8 / /  . . .
c =  0.6054- io5o f = 3  +  ^  ...  (5)
where Z  is the crest height.
This equation for c is not dimensionally correct, not being dimen- 
sionless. Hence, the statement should be added that all quantities are in 
the meter-second system as the constants were obtained for these units. 
Since the data for which the formula was derived were for definite 
ranges of head, crest height, and rate of discharge, the value of c 
should be used only for conditions within approximately the same 
ranges. Subsequently an equation was proposed which was dimen­
sionally correct.
I t  should be observed that because an equation is dimensionally 
correct, it  does not follow that, the equation must be the required physi­
cal law. On the other hand, if an equation is not dimensionally cor­
rect, the equation cannot be the correct equation and should be used 
only under definite restrictions.
(4) Another use of dimensional analysis is to enable one to a r ­
range equations so that the terms involved are dimensionless, making 
it possible to use English or metric measurements without the bother 
of conversion.
(5) Dimensional analysis often enables one to dispense with com­
plete experimental investigations and it shows how very incomplete 
but reliable sets of experiments may give a reliable physical law.
Uses (4) and (5) will be discussed later.
(6) Finally, dimensional analysis simplifies the conversion from 
one system to another. This transformation may be carried out only if 
there are the same number of kinds of fundamental dimensions in the 
two-systems. It is based on the fundamental condition for dimensional 
analysis that the dimensions on the two sides of an equation must be 
the same.
I f  a velocity is given as 90 feet per minute and it is to be converted 
to cm. per sec. (1 foot =30.48 cm.), one could write dimensionally
XT . . length 1 foot . . .
Velocity =  - .  = -T-—=—  (6)time J mm.
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Then the multiplier for the numerical value of the velocity is
1 foot 30.48 X 1 Chi'.
1 min. 60 X 1 sec.
.  0.508 X 1 sec.
or a velocity of 90 ft. per min. =  90 X 0.508 X (7)
1 sec.
=  45.72 cm. per sec. (8)
The above procedure involves changing the units of measure. 
The following rule may be deduced for converting a numerical value 
from one system to another system of u n i ts : Express the given quan­
tity  dimensionally, i.e., in terms of length, time, and the other primary 
units of the original system of dimensions, each with the proper expo­
nent. A fraction may then be written composed of one unit of each 
of the terms for the original system of units (each raised to the proper 
power) in the numerator divided by one unit of each of the terms oc­
curring in the denominator, i.e., 4 !  foot)(1m m .)
One unit of a physical quantity in the numerator may be replaced 
by its equivalent value in the desired system (1 foot may be replaced 
by its equivalent, 30.48 cm.). Similarly, the other units in both the 
numerator and the denominator must be raised to the indicated power. 
The resulting fraction gives a multiplier, by which the original 
numerical quantity is to be multiplied to give the answer in the de­
sired system of units.
T h e  I I - T h e o r e m
i t  has been suggested tha t dimensional analysis may be often used 
for analyzing what appears to be ra ther incomplete experimental data 
and obtaining therefrom a reliable equation or law for the physical 
phenomenon.
For this purpose Buckingham1 has derived a mathematical pro­
cedure which is very useful. I t  is first necessary to determine all the 
physical quantities such as a velocity, a length, a rate of discharge, a 
force, etc. These might be represented mathematically by Qlt Q.,, Qa, 
. . .  Q„, there being n  different kinds of physical quantities.
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I f  “ F ”  represents the mathematical term “ function of,”  then 
the dimensional relationship of these physical quantities to one another 
may be represented by the equation
F(Qi> Qs • ■ ■ Qn) =M°L°T° ( 9 )
In  considering that the velocity, v, of water flowing from an ori­
fice is dependent on the head on the orifice, II,  and on the acceleration 
due to gravity, g, there are three physical quantities, v, II, and g, or 
n — 3.
Each of these physical quantities can be expressed in terms of 
the adopted fundamental units such as mass, length, and time. Let 
“ k ” represent the number of fundamental units. In  the problem 
on the flow from an orifice, k would be two, namely, length and time.
Let n ,  represent a product of some or all of these physical quan­
tities, Qlt Q.,, etc., each with its proper exponent, x, y, etc., such that 
n ,  is dimensionless. Then
n i =  Q * .Q !' .......... Q™ = M 0L ° T 0 (10)
Also, let n 2, etc., represent other dimensionless terms obtained 
by multiplying together some of the other physical quantities, (?,, Q2, 
etc., with proper exponents, which will be different than for n v
Thus, for the orifice, v ' / g l l  consists dimensionally of
/leng th  \ 2 
\  time /  
length X length 
time2
and is dimensionless and might be represented by n , .  This dimension­
less fraction is called the Froude number and is represented by F. I f  
the kinematic viscosity, v, were to be considered, another IT, such as n 2, 
might be the fraction, v E /v .  This dimensionless number is called 
the Reynolds number, R.
Buckingham shows that equation (9) is reducible to the form
/■(n „  n 2, — n„-fc)=o ( 1 1 )
in which “ / ”  represents some completely unknown dimensionless func­
tion, the form of which is to be found experimentally; n  represents 
the number of physical quantities; and k the number of independent 
fundamental units—never greater than five. Note that from the
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mathematical analysis the relationships between n ,  and n 2 or 
II, and Iln-jt are unknown and may only be determined experimentally.
There will be n  separate kinds of quantities but some quan­
tity  such as length may appear more than once in the equation. Thus, 
a problem might involve the length of a pipe and its diameter—both 
of which are represented by L. Rather than represent this ratio by 
a n , Buckingham chose to represent the ratio of physical quantities of 
like dimensions by various r ’s such as r ' , r", etc. All physical quan ­
tities having like dimensional values might then be represented by 
specifying a single one of that kind and letting their relationship to 
the one specified be represented by ratios r', r", etc. The physical quan ­
tity, common to all these ratios, would be used in determining the n ’s 
and would still be retained as one of the Q ’s. These ratios may be de­
duced by inspection during the initial analysis of the problem.
The original equation (9) then becomes
F{Qi, Q„ • • • Qn, r ',  r", etc.) =M«L«T0 ( 12 )
Buckingham shows that this equation reduces to his well known 
Il-eqnation
f ( n „  n , , . . .  n n-fc, >■', »•", etc.) = 0  (13  )
or n J = f { n v ----- n n-*, r', r", etc.) ( 1 4 )
This equation is very useful for analyzing problems dimensionally 
with the objective of determining the underlying physical law.
In  using the n-theorem, the writer has found certain rules to be 
helpful to the student.
Rule 1. The number of physical quantities whose exponents will 
be assumed as unknown is the same as the number of fundamental 
units.
Rule 2. The physical quantities, whose exponents will be as­
sumed as unknown for each of the Il-eijuations, must be chosen so as to 
include all fundamental units.
Rule 3. In  setting up a n-equation, the exponents of one term 
should be assumed as any pure number, usually unity.
Rule 4. I f  a problem calls for an expression for some physical 
quantity in terms of the others, consider the exponent of that quan­
tity to be any pure number—-such as unity—when setting up 
one of the n-equations.
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As an illustrative problem, let us use the following data2 on the 
flow of molasses in a 1.61-inch diameter pipe with a gage length of 
42.16 feet:
Run
No.
Temp.
°C.
Friction 
Head 
I I f in F t.
Density
P
slugs/f t.3
Coef. of 
Viscosity
Slugs/ft. sec.
Velocity
V
Ft./sec.
3 15.0 11.09 2.685 0.01958 0.63
7 18.5 16.79 2.680 0.01353 1.49
10 20.8 18.33 2.677 0.01090 2.04
12 21.3 34.99 2.676 0.01040 4.38
Determine by use of a logarithmic plot the relationship between the 
various factors.
Equation (9) now reads
F (D , L, H h P, v, g) =M°L«7"> ( 15 )
By inspection, the pipe diameter, D, length of pipe, L, and friction 
head, H/,  have the same fundamental dimension of a length. Our 
knowledge of pipe flow would indicate that at least the diameter of the 
pipe is an important physical quantity.
Let r' = ~  and r" = ~  ( 1 6 )
L  n  f
Then F '(D , P, ^ , v, g, r', r" )  = M 0L°T° ( 17 )
Dimensionally these physical quantities have the following values
r, T ■ M  . M  L .  L  ,
Z;3 ’ ^ L T  ’ V T  ’ ^ T 2 ( 1 8 )
The number of physical quantities, n, is five and the number of funda­
mental units, k, is three—L, M, and T. Then n —k equals 2 or there will 
be 2 n ’s or two dimensionless numbers in addition to the dimension- 
less ratios r' and r".
Then equation (13) reads
/ ( n 1( n 2, r', r") = 0  ( 19 )
Since this is a problem of pipe flow, it is evident th a t  the Rey­
nolds number. R, should be one of the dimensionless numbers in order 
to take into account internal fluid friction or the viscous forces.
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W ith this in mind and recalling Rules 1, 2, and 3,
IL =  p D ^ V  =  M ° L ° r  ( 2 0 )
in which a., b, and c are exponents which must have such values as will 
make IIj dimensionless.
Also, n 2 = g ■ D x v “n* ( 2 1 )
with x, y, and z having values (other than for a, b, and c, respectively) 
as will make n 2 dimensionless.
W riting IIj dimensionally, we obtain
II, =  ~  La ( | )  6 ( ~ ) C =  M° L° T° ( 22 )
Collecting the exponents of M, c =  —1 
Collecting the exponents of T, b= 1 
Collecting the exponents of L, a — 1
Hence, =  pDv/p ( 23 )
which is the Reynolds number, since ¡x/p is the kinematic viscosity, v. 
This could have been at once set down on the basis of past experience 
since the only possible combinations of the four physical quantities,
D, v, p, and p. would have given the Reynolds number with exponents 
of a positive or negative pure number.
Similarly, if
n  2 =  gZ)%V,
z =  0; y =  — 2; x =  1, and ( 2 4 )
n . “ “ jr (25)
which is the reciprocal of the Froude number, F. This could also have 
been determined by inspection. The only physical quantity with a mass 
term is p. and hence it must have zero as its exponent. An examina­
tion of g, D, and t> would have disclosed the Froude number in some 
form as the only possible dimensionless arrangement of the three 
quantities.
Thus, there results
' p Dv  gD D D 
n
or
y - %  Í.)
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Obviously, a plot of log D / L  against log Reynolds number, log R, 
yields no information since there is an infinite number of possible 
values of D / L  depending on the particular experimental set-up. This 
is an important point. Pig. 1 is a plot of log 1/F  and log D / H f as or­
dinates against log R as abscissae. No definite law can be deduced. 
I f  data from the other ten runs had been included, little help would 
have been obtained.
I f  we now draw on past experience and if we also recall that a 
plot of log D / L  against log R yields 1 1 0  information, we shall have to 
search further. We might recall that Weisbach-Darcy’s coefficient of 
friction, /, is often used in connection with pipe flow in which
" t - T T T g  ' (28)
from which
F i g . 1.
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' (29)
Evidently, this is the reciprocal of the Froude number, D g /v 2, 
multiplied by 2 I I f/L.  I f  2 is a dimensionless number, then this frac­
tion is twice the product of the dimensionless ratios r' and the recip­
rocal of r"  or
, ' i L  = 2 D  x HI = z 2 H j  
r" ~  L  D L  
Since D is included in R  and 1 /F , we may rewrite equation 
(27) to read
/ "  (R, / )  = 0  (31)
It should be pointed out that it is only on the basis of past experience 
that equation (27) is thus simplified.
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A plot of R as abscissae and /  as the ordinates is shown in Fig.
2. The observed data now lie on a straight line from which it follows 
that
/ = - P w  (32)
Considering that only four sets of data were used, this result com­
pares favorably with the equation often given for the flow of water 
in pipes with the Reynolds number less than about 2100,
/ = ^ -  (33)
XV
If  all available data for molasses, water, and other fluids were 
plotted on Fig. 2, it would be possible to determine the law for fluid 
flow in pipes provided R  is less than 2100 or, in other words, pro­
vided the flow is laminar. This illustrates the fourth and fifth 
uses of dimensional analysis. There can be no doubt but that dimen­
sional analysis is a most valuable tool for the experimenter.
R e f e r e n c e s
(1) Buckingham, E. “Model Experiments and the Forms of Empirical Equa­
tions,” Trans. A.S.M.E., Vol. 37, 1915, pp. 263-292.
(2) Cox. G. H. “Resistance to Flow of Molasses Found to Agree with Basic
Laws,” Engineering News-Record, Oct. 12, 1933, p. 441.
(3) Bridgman, P. W. Dimensional Analysis, Yale University Press, 1931.
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USE OF ANALOGIES IN FLUID MECHANICS
by
E. W. Lane, Professor of Hydraulic Engineering 
Associate Director in Charge of the Laboratory 
Institu te of Hydraulic Research 
State University of Iowa 
Iowa City, Iowa
For the solution of a number of problems in fluid mechanics 
and hydraulic engineering scientists and engineers have worked out 
devices which are very efficient because they enable solutions of 
complex cases to be made rapidly which otherwise could be accur­
ately solved only at great labor and expense. In  its broader aspect, 
a model in any form may be considered to be an analogy, the perform­
ance of the model being analogous to th a t  of the prototype. Since 
model tests will be considered elsewhere in the bulletin, however, 
this paper will be confined to the narrower aspect of analogies, that 
in which the apparatus used is not a model of the structure or situa­
tion for which a solution is desired. In  some cases it is hard  to tell 
where the model ends and analogies, from this more restricted view­
point, begin, since all the commonly used analogies have some fea­
tures in common with the prototypes. No attem pt therefore will be 
made to distinguish rigidly between analogies and models, but the 
approach, rather, will be to illustrate some of the analogies and to 
explain how they may be used for the solution of fluid flow.
One of the most useful analogies in the solution of fluid flow 
problems is the flow net. The flow net consists of a series of in ter­
secting lines resembling a fish net, composed of two families of lines 
which intersect each other at right angles. In  hydraulic applications, 
one set of these lines represent the paths of flow of the water; particles 
and the other set are lines of constant potential.
The theory of the flow net, like so many other scientific things, 
had its beginnings many years ago. but its application to hydraulics 
is comparatively recent, probably being an outgrowth of its use in
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the aerodynamic field. Fig. 1 is a flow net for the flow of water 
over a dam. One set of the lines represents the average direction of 
flow of the particles of water and the other set is related to the 
potential. As will be seen, these families of lines are at right angles 
to each other. In  such a net the polygons are curvillinear rectan­
gles, all with the same ratios of width to length.
The flow net can be most readily applied to the solution of hy ­
draulic problems of flow which can be analyzed with sufficient ac-
curacy in two dimensions. I t  assumes a perfect fluid and therefore 
cannot be accurately applied to conditions where hydraulic friction 
or turbulence are appreciable. I t  usually can be applied to cases 
where w ater is accelerating, such as approaching an orifice or flow­
ing over the top of a dam, but not to cases where the water is decel­
erating, since under these conditions separation usually occurs. I t  is 
also readily applied to the flow of water through granular media. It 
can be applied to some three dimensional problems but the procedure 
is rather complex.
Flow nets can be constructed graphically by a cut-and-try 
process. The one in Fig. 1 was developed in th a t way. I t  is said 
that in a short time one can learn to work them out rapidly, but 
since the apparatus for doing so electrically can be constructed so 
easily and cheaply, it hardly pays to do so. The electrical ap­
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paratus for constructing flow nets has been called by a number of 
•names, but probably the best is simply the “ electric analogy.” 
Perhaps the cheapest form is tha t shown in Fig. 2, which is set up 
to develop the net for flow under a dam on a permeable foundation. 
It  consists of a carefully leveled flat bottom glass tray  filled about
Set of 200  0 h m  R ece ives
60 65 70 75 80 85 90 95 100 
High Resistance Wire
E l e c t r i c  A n a l o g y  A p p a r a t u s
F i g . 2.
5%  Salt 
Solution 
jD eep
Bar Copper —►
Two 100-Wat 
Lamps
110 Volts 60-Cycle a - c ^ l . ’X
_______5 L
1/2 -inch deep with a 5 per cent salt solution. Two copper plate elec­
trical terminals are placed in this solution and connected through 
incandescent lamps to a source of 110 volt, alternating current in 
such a way as to give about 10 to 15 volts potential between the 
terminals. One terminal represents the upstream  bed of the river 
and the other the downstream bed, with a piece of insulating ma­
terial between cut to represent the shape of the contact of the dam 
with the river bottom. A Wheatstone bridge, in the form of a high 
resistance wire over a meter stick, is connected at each end to one 
of the terminals. The sliding contact of the bridge is connected 
through ear phones to a probe which can be moved from place to 
place in the water. Suppose the sliding contact on the bridge is
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placed 40 per cent of the length of the bridge wire from the end con­
nected with the terminal representing the upstream  river bed. The 
potential at this point is then 40 per cent of the drop between the 
terminals away from the potential of the upstream river bed term i­
nals. If  the probe is moved around in the salt w ater a current will 
pass through the headphones and cause a humming, except when 
the probe is at a point where the potential is the same as the point of 
contact on the bridge current, or in other words, when the probe is at 
a point of 40 per cent potential drop between the terminals. By 
moving the probe around, a line can be developed all points of which 
have this same 40 per cent potential. In  like m anner the 10, 20, 30 
per cent, etc., lines can be drawn in. The other family of lines can 
then be drawn by a cut-and-try process, because the shape of one set 
of lines is known. Another way is to reverse positions of conducting 
and insulating boundaries and, by using the new terminals in 
the same manner as the previous ones, find the other set of lines 
by the electrical process. In  this net the lines leading from up­
stream to downstream river beds are the flow lines and follow the 
direction of the path the water would take beneath the dam if the 
foundation material were equally pervious throughout and the con­
tact of the dam with the bed was perfect. The others are lines of 
constant piezometric pressure in the foundation material. The ac­
curacy of the results obtained, as applied to any actual case, de­
pends upon how closely the actual conditions agree with the assump­
tion of homogeneity and perfect contact. From such flow nets engi­
neers can tell a great deal regarding the safety of the foundations 
of dams on pervious foundations. The cost of this apparatus, not 
including the time required to make it, is less than $10.00.
Other forms of this apparatus use very thin tinfoil in place of 
the w ater tray  and recently a carbon coated cardboard has been 
placed on the market. W ith this material the current from a couple 
of dry  cells is sufficient and an induction coil and ear phones may 
be used for detecting the current. Where much of this work is to be 
done, a sensitive galvanometer on which the needle swings both 
ways is better since it indicates which side of the neutral line the 
probe is located. Although it is more expensive, it will soon pay 
for itself if much work is done. The apparatus which we have at 
the hydraulic laboratory uses the carbon coated cardboard and the 
galvanometer, and, in addition, a pantograph to locate the position of 
the probing point. The example which we will demonstrate here
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is the flow under a row of sheet piling. This piling is simulated by 
removing a slit from the cardboard which corresponds to the insu­
lating medium of Fig. 2. We will now draw out the 25, 50, and 75 
per cent potential lines. Another form of apparatus which will p ro ­
duce flow nets is th a t  developed by Hele Shaw1 and consists of p ara l­
lel transparen t plates, between which a fluid is flowing. The path 
of the particles, as shown by the introduction of coloring matter, 
will give the flow lines of the net. This form of apparatus can be 
used to solve many of the same problems as the electric analogy but 
for most of them the electric analogy is more convenient. For the 
problem of flow through earth dams, however, the handling of the 
potential relations where the w ater surface intersects the down­
stream face of the dam is difficult, and the parallel plate analogy is 
very effective. Model tests of earth  dams, which will reproduce ac­
curately to scale the capillary rise which takes place in the proto ­
type, using actual soil, are difficult to construct and it is also diffi­
cult to secure homogeneous pervious material in the model. In  the 
parallel plate analogy the capillary conditions can be adjusted to fit 
the prototype by varying the spacing between the plates, or if need 
be, by using a more viscous fluid than  water. The apparatus which 
we have here represents the flow through an earth  dam. The paths 
of flow through the dam are shown by the color bands. Note how 
the fluid rises from capillary a ttraction  at the upper end and then 
flows down again toward the lower side of the dam. We often hear 
it said that water will uot flow uphill. Of course we know it will 
if pumped up or drawn up in a siphon, but one rarely sees a case of 
it flowing uphill in an open channel starting from practically quiet 
water.
As previously stated, the distinction between an analogy and a 
model is hard to draw. This device has merely replaced the granular 
medium of the earth dam model with another form of channel which 
also will produce laminar flow and is therefore very close to being a 
model of an earth dam.
The parallel plate analogy has been used by Mr. Nelson of the 
Army Engineers here at Iowa City for working out problems connected 
with the filling ports of navigation locks.
B ibliography
<1) Shaw, Hele. Engineering, July 16, 1897; April 8, 1898, et seg.
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DEMONSTRATION OF FLUID MECHANICS PHENOMENA
by
R. A. Dodge 
Associate Professor of Engineering Mechanics 
University of Michigan 
Ann Arbor, Michigan
“ I  have met with fewer difficulties in discoveries re la t­
ing to the movements of heavenly bodies, notwithstanding 
their astonishing distances away, than investigating the 
motion of flowing w ater though tak ing  place before our 
very eyes. ’ ’
The above quotation is credited to no less a person than Galileo. 
And, with all the improvements in means of investigation which 
have been made available both to astronomers and hydraulicians since 
his time, it is likely th a t  he would experience today the same rela­
tive difficidty in the same two fields.
The marked advance in the science of hydraulics which has tak ­
en place in the last few decades has been paralleled and promoted 
by improved means of observing fluid flow, marked by increased a t ­
tention to observation of qualitative aspects of flow as opposed to 
the mere collection of quantitative data. Today no im portant hy­
draulic work is undertaken without benefit of studies by model, 
studies which are usually more concerned with behavior than  with 
quantity.
W ith increasing attention in engineering practice being given to 
mode of flow, it is to be expected th a t  the teaching profession will 
make a corresponding change in emphasis by demonstrating flow 
phenomena. Perhaps the greatest stimulant to student interest is 
demonstration which assists him in visualizing fluid flow and thereby 
makes the subject a more vital thing.
Demonstrations do not need to wait on construction of hydraulic 
laboratories, wind tunnels, or special lecture rooms. On the con­
trary , equipment complete enough for ordinary work is within the : 
means of nearly all engineering schools. Fig. 1 shows a room
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equipped with a pump, permanent tanks, and a glass channel—the 
latter for showing flow with a free surface. However, if one consid­
ers only the articles on the table top, along with some simple glass­
ware for pipe flow, and supplements these with a small portable 
flume of glass or transparent plastic, he has sufficient apparatus to 
show everything needed in undergraduate courses in hydraulics or 
fluid mechanics, with the possible exception of cavitation and super­
sonic velocity. Moreover, the entire outfit can be used in any class-
P i g . 1 .— S o m e  D e m o n s t r a t i o n  E q u i p m e n t  a t  U n i v e r s i t y  o f  M i c h i g a n .
room which has electrical outlets. Running w ater is a convenience 
but large quantities are not necessary or desirable. The largest ob­
ject on the table top in Pig. 1 is a blower or “ wind tu n n e l”  shown 
attached to a conduit having one glass face. The conduit is fitted 
with a number of vertical glass tubes, all connected to a common 
manifold and arranged so th a t  a high column of the colored liquid 
indicates a low pressure. In  the picture the conduit contains a 
movable and partly  flexible tongue which is here adjusted to form a 
Venturi tube with adjustable divergence. The blower in the same 
position with a s traight tongue can be used to show pressure d istri­
bution around inserted objects of any form. The judicious use of 
smoke, a Pitot tube, or a probe consisting of a string on a wire is
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quite helpful. In Fig. 2 the same blower is shown in the vertical 
position. A hemisphere, guided by a small rod, is supported by 
the air stream and a “ stream lined”  tail shows its beneficial effect 
by causing the hemisphere to advance fu rther into the stream. The
hemisphere and the disk and sphere 
in the lower foreground all have
( the same weight so that the posi­tion they take on the guide rod is a visual measure of their resistance 
^  r  to flow. The apparatus in Fig. 2
can be arranged in a moment to 
J .  show the radial orifice, the conical
P i g . 2 .— B l o w e r  i n  P o s i t i o n  t o  S h o w  F i g . 3 .— P r o j e c t o r  A r r a n g e d  t o  S h o w  
R e s i s t a n c e  t o  F l o w . L a m i n a r  F l o w .
valve, flow in pipe bends, the Magnus effect, and other instructive 
and entertaining things.
Fig. 3 shows a device for projecting two-dimensional flow 
patterns on the screen. I t  consists of condenser lenses in a hori­
zontal plane and a lens and mirror which direct the light to an 
ordinary screen. (A blackboard does nearly as well as the screen.) 
In this figure a horizontal glass plate is mounted above the con­
denser lenses, the plate is barely covered with water, and a th in  me­
tallic plate formed to resemble the cross-section of an airfoil about 
2.5 inches long is mounted so as to contact the water surface. Lyco- 
podium powder is scattered thinly on the w ater surface and when the
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disk is turned slowly the laminar flow patte rn  is produced. The flow 
cannot be seen in a still p icture but is plainly visible on the screen 
to the audience. Here the student can see for himself the starting
F i g .  E.— - L a m i n a r  P l o w  P a t t e r n  
F i g .  4 .— P r o j e c t o r  W i t h  R e c i r c u l a t i n g  M a r k e d  b y  C r y s t a l s  o f  P o t a s -  
C h a n n b l  t o  S h o w  T u r b u l e n t  P l o w .  s i u m  P e r m a n g a n a t e  i n  W a t e r .
by an airfoil. Other shapes, for example a circular disk illustrating 
two-dimensional laminar flow about a circular cylinder, can be 
quickly substituted for the airfoil.
The flow in Pig. 3 is laminar and, curiously enough, full advan­
tage is taken of the plate, surface film, and viscosity in order to simu­
late the flow pattern  of an ideal fluid. A similar and somewhat p re t­
tier effect is produced by the device in the foreground of Fig. 1. The 
white plate is a sheet of glass over which w ater flows at a low veloci­
ty  in a th in  sheet. The flow pattern , only faintly  visible in the pic­
tu re but very vivid to the eye, is produced by sprinkling crystals of 
potassium permanganate on the glass. An example of the effect 
produced is shown in Fig. 5. This device has the disadvantage of 
requiring a continuous supply of water.
Of greatest interest to the hydraulic engineer is the arrangement 
shown in Fig. 4. The device resting on the projector consists of a 
pan with a glass section in the bottom. In  plan it resembles a double 
return wind tunnel so that the small variable-speed pump mounted 
at the left end circulates an open stream about three inches wide and 
one inch deep. In  the case shown a small model of an automobile 
is placed on its side and the lycopodium powder on the surface
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helps visualize the tu rbulent flow pattern . The clear picture of the 
vortex trail and wake activity is especially striking. Flow around 
or through many objects can be shown and a few of those used are 
flat plates, diverging or converging channels, jetties, channel bends, 
airfoils, and cylinders. W ith the cylinder suspended to permit pen­
dular action one gets a striking picture of the effect of the vortex 
tra il on the whipping of transmission lines and the vibration of 
stacks. The w riter does not claim any originality* in connection 
with the apparatus discussed here and seeks only to point out the 
effectiveness of this and similar equipment as a teaching aid. While 
using it one natura lly  gets many new ideas and adds new devices, 
often on suggestions from the audience In this limited space it is 
not possible to touch on nearly all of its possibilities. The writer 
merely hopes to have shown that demonstrations are helpful to stu­
dents and are as logical a development in teaching as model studies 
are in p rac tice ; also tha t they can be had by most schools within the 
limitations of budget and space.
* Most of the apparatus pictured was designed by Bruno Eck and is 
fully described in his “Technische Strömungslehre,” Zweiter Band, Julius 
Springer, Berlin.
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COMPILATION OF REPORTS ON HYDRAULIC MODEL
STUDIES
by
George E. Barnes 
Professor of Hydraulic and Sanitary  Engineering 
Head, Departm ent of Civil Engineering,
Case School of Applied Science, Cleveland, Ohio.
I m p o r t a n c e  o f  S u b j e c t
No im portant hydraulic structures are built today whose design 
is not developed in part by the aid of hydraulic model studies. In  
fact, such studies are usually a m ajor factor in design. Their ac­
curate recording and reporting is of great importance, not only for 
immediate purposes, but because the data may be of wide interest 
and may be valuable reference material. The fu ture use of reports 
made for current work is of course insured, where the action of the 
prototype is to be recorded and correlated with the action of the 
model, by means of measuring devices built into the actual structure.
E n g i n e e r i n g  a n d  E n g l i s h  i n  R e p o r t  W r i t i n g
The subject of report w riting is generally taugh t in our colleges 
by the departments of English. However, the w riter believes th a t  
the subject should be taugh t only with the active partic ipation of 
engineering teachers, for the following reasons:
(1) the engineering teacher, not the English teacher, has 
the accurate knowledge born of experience, of the uses 
to which engineering reports are put,
(2) this knowledge is the key to w riting a report which will 
successfully serve its purpose,
(3) teachers of English do not possess and cannot acquire 
this key; their rightful authority  in the subject being 
restricted to m atters of form and composition, and,
(4) the student will develop a proper insight into the sub­
ject only when he is taugh t by an engineering teacher,
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on the place and function of engineering documents and 
reports, in civil engineering work.
P l a c e  o f  E n g i n e e r i n g  D o c u m e n t s  i n  C i v i l  E n g i n e e r i n g  W o r k
The preparing and handling of engineering documents is an ex­
traord inarily  im portant p a r t  of civil engineering. In  organizations 
entrusted with the execution of large projects, careful planning of 
routines is required for the handling of technical data  and informa­
tion. Such material must, where possible, be conventionalized to per­
mit quick and accurate interpretation. Also, its preparation and 
release must be timed with respect to the general program  of opera­
tions of which it is part.
G e n e r a l  F o r m s  o f  E n g i n e e r i n g  D o c u m e n t s
W ith regard  to scope, form, and content, the familiar forms of 
engineering documents such as specifications, contract and construc­
tion drawings, contract and bid forms, field notes, design calcula­
tions, and technical memoranda have, in every engineering office, 
somehow evolved to a certain degree of uniformity. W ith some docu­
ments, legal considerations have been a controlling factor. The p rin ­
cipal influence of course has been a m atured conception of w hat is 
required and what is not, which arises from long experience. E ngi­
neers have this experience in common. In  handling m aterial pre ­
pared by other engineers, they expect to find it not only complete 
but easy to scan and assimilate. In  fact, if it does not meet certain 
minimum requirements as to form, arrangement, and expression, it 
may fail u tterly  to serve the purpose intended, however accurate and 
complete it might prove to be, on fu rther search.
E n g i n e e r i n g  R e p o r t s
Engineering reports are among the most important of engineer­
ing documents, though less conventionalized than  most. S tandard i­
zation is neither desirable nor possible, because reports serve a wide 
variety of purposes. Nevertheless certain basic essentials should be 
insisted upon and should characterize every report regardless of its 
purpose or destiny. In the type of report here considered, the gen­
eral problem under study is to be stated so as to be fully understood, 
the method of solving the problem and the results secured are to be 
presented in complete form, and the conclusions and recommenda­
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tions are to be fairly drawn by reasonable in terpretation of the facts 
disclosed. The report should be organized specifically for the needs 
of the person who is to use i t ; more precisely, it should be organized 
so tha t several readers with different objectives may use it for their 
individual purposes with the greatest of facility and expedition, so 
tha t the necessary information can be culled without going over un ­
related items to find tha t which is wanted. The w riter appreciates 
that some of these observations may seem tr i te ;  yet they are made 
for emphasis because the m atters enumerated are so frequently over­
looked, resulting in poor or inadequate reports.
E s s e n t i a l s  o f  a  G ood  R e p o r t
First, a good report should follow some generally acceptable 
outline or form, so tha t the material will be well organized. Second, 
it should read well, which is a m atter of expression or language, and 
also skillful s tructure and logical sequence. This is a m atter less 
readily formulated. Good English and proper grammar are expected 
as a m atter of course, and something beyond. This is the contribu­
tion which the w riter makes from his own experience, facility and 
individuality, which enables him to meet the mind of the reader. 
Finally, a report must be technical exposition of the highest order, 
because the material is of a nature only to be adequately presented 
in the form of studied and well considered analysis and opinion. It  
must bear the most critical review. The th ird  essential, therefore, 
properly can be called only “ good engineering.”
R e p o r t  F o r m
In  a course in report writing which the w riter took as an under­
graduate, the instructor centered attention on project reports by 
several engineering firms. These were broken down for analysis, 
and several principles were established. Two outlines taken  from 
student notes have been useful to this day, though not always fol­
lowed literally. The first outline shows the essential parts  of an 
engineering report, and the second indicates procedure to guide in 
organizing and rendering the m aterial to go into the report. The 
outlines have been adopted with some modifications by the D epart­
ment of English at Case School of Applied Science and by two fed­
eral engineering organizations; they are given below for the benefit of 
anyone who might wish to use th em :
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A. Outline for Engineering Report
1. F ront Covei1
Brief Title, name of author
2. Title Page
a. full title of report, may be 20 or 30 words
b. name of person or firm who writes report, with titles
c. name of person or client for whom report is w ritten
d. city and state in which you have your office
e. date
N o te : three forms of title page
A REPO RT- A
REPORT
AUTHOR
Block B u ll’s Eye Diamond
3. Two letters
a. from client (a copy)
b. from writer, conveying report
4. Table of Contents
5. Sheet with word report
6. The report proper
a. introduction
1. reason, purpose, and scope 
i 2. method of investigation
3. work accomplished
b. summary
c. body of report
steps leading to result
d. conclusions
e. recommendations
7. Sheet with word Appendices
8. Appendices—Plans, Maps, Photographs, Drawings, Tables, S ta­
tistics
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9. Bibliography—Name of Author, of Book, Place, Publisher, Date, 
Contents
10. Index
11. Back cover.
B. Eleven Steps in W riting  a Report
1. Think over w hat you already know.
2. Outline it.
3. Fill in facts you w ant to know.
4. Plan, with detail, methods and amount of time to get these facts. 
P lan interviews, appointments, field work, etc.
5. Execute plan and get the material.
6. Outline the material.
7. W rite first draft.
8. Go over d ra ft and correct.
9. Typewrite text, make title page, table of contents, etc.
10. Arrange and bind.
11. Review thoroughly.
C .  Requisites for a Good Report
1. a definite answer
2. promptness
3. neatness
4. accuracy
5. no errors in logic
no sweeping generalizations; no false statements; 
indicate the limits of error; honesty
D. Essentials for Good Report
1. clearness; consistent and logical plan for the report.
2. completeness; units complete; summary, introduction, recom­
mendations.
3. conciseness; compact
4. accurate E ng lish ; no ambiguous w o rd s ; not too technical words,
always simplest if there is choice; simple sentence structure; 
short sentences; one idea per sentence; one idea per paragraph.
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5. emphasis obtained
a. mechanical—capitalizing; underlining; color; headings, 
side or marginal readings.
b. grammatical—most im portant p a r t  of sentence at begin­
ning or end.
C o n d u c t  o p  M o d e l  S t u d i e s
The preceding remarks apply to reports on hydraulic model 
studies, as well as other types. In  writing a good report it is essential 
to be guided by a clear conception, in each case, of the part that the 
model studies are to play in the design or in the project, and the 
specific responsibilities of the parties to the work. Model studies 
are neither a mechanical process for grinding out the right answer 
nor are the findings mere approximations of the tru th  because dy­
namic similarity is imperfectly attained. Significant results from 
model studies are to be expected only where experience and judg ­
ment, derived both in the laboratory and in practical design and 
construction, are brought to bear on the work. In  the statements 
which follow, model studies are assumed to be of the type whose p ri­
mary purpose is to assist design, and the w rite r’s attitude is that of a 
designer who has special tools with which to work.
O r g a n i z a t i o n  f o r  W o r k  o n  H y d r a u l i c  M o d e l  S t u d i e s
A common, but not necessarily typical, arrangement between 
laboratory and project is to have the laboratory under con­
trac t for building the models and securing the measurements, and 
to have the laboratory director under personal service contract 
as consultant, w ith  duties including both supervision of the 
work and advising on design. In  advising on design, his opinions 
are drawn from general experience, but more specifically on the 
data  he has been able to secure in the laboratory. The engineering 
office engaging such services ordinarily has a resident engineer at 
the laboratory as an inspector and liaison man between the office 
and the laboratory. The resident engineer facilitates and expedites 
the work, but does not direct it, having authority  not over technical 
m atters but over contractual provisions. In  order to simplify the 
discussion in this paper, such an arrangement is assumed in the fol­
lowing paragraphs.
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O r i g i n a l  R e c o r d s
The original records from which the report m aterial is com­
piled, include (1) the laboratory diary, (2) the office or personal 
diary, and (3) the laboratory data sheets (later converted into 
tables and charts, afte r which the data  sheets are filed for record 
purposes), and (4) the log of tests, which is a daily tabulation of the 
principal features of successive tests, kept up daily as a check list. 
The laboratory diary contains one page for each day, with notations 
on personnel, their duties, tests run, stage of model construction, 
changes in operating conditions, and in fact everything not con­
tained in tabulated form on the data  sheets. The diary is extremely 
valuable when writing the report, afte r the situation a t the time 
tests were run  cannot be fully recaptured and the order of work is 
difficult to remember. The personal d iary  keeps a record of con­
ferences, official visitors, phone calls, policies discussed, new data 
on limiting conditions for design as they arise during the develop­
ment of the plans, and such matters. The laboratory data  sheets are 
of the nature described in a previous paper by the w riter.1 The log 
of tests is a tabu lar list, with a single horizontal line of notations for 
each test, under appropriate column heads giving the major features 
and results of each test.
T y p e s  o f  R e p o r t s  R e q u i r e d
In  general, three types of reports are required, nam ely : (1) P re ­
liminary reports, which precede the actual model construction, and 
are drawn for the purpose of (a) giving earliest possible definition 
to the structure, so tha t drawings may be prepared with least likeli­
hood of changes, and (b) evaluating the hydraulic problems in­
volved, so tha t model studies may be planned with the most produc­
tive schedule; (2) progress reports, which recite usually from week 
to week the nature of the work undertaken and projected for the 
period following, with tentative findings for the use of designers, 
and (3) the final report, which is either a compilation of the preced­
ing reports, or better, a self contained comprehensive report, com­
pletely written from scratch but containing, naturally, much of the 
material previously prepared. This is perhaps the most satisfactory 
form of final report, both for supporting material on any recom­
mendations made and for permanent reference.
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P r e p a r a t i o n  o f  E x h i b i t s
Since it is advisible to draw all plates, tables and other exhibits 
for the report, while the data  are fresh in the minds of the operators, 
it is necessary to decide early on the several types of exhibits and 
what they are to contain. The w riter has used the following scheme: 
Tables are designated Table A (Title), Table B (Title), etc., and 
include all the data from which curves were drawn, and also the re ­
sults of computations. Plates, which include photographs, curves, 
hydraulic gradients or w ater surface profiles, scour contours, etc., 
are numbered 1, 2, 3, 4, etc., with suitable titles. Sheets, or drawings 
which give accurate definition to the models and prototype, are num ­
bered as Sheet 1 of 10, Sheet 2 of 10, etc. Tables are included in the 
running text, but plates and sheets are at the back of the report, 
with the plates first and the sheets last.
S u g g e s t e d  F o r m  f o r  t h e  F i n a l  R e p o r t
The following form is suggested for the final r e p o r t :
1. Cover, Avith abbreviated title.
2. Blank page (cover sheet).
3. Title page, with full title.
4. Table of Contents, containing in order, by item and page 
location,
a. List of Tables
b. List of Plates
c. List of Drawings
d. L etter of Transmittal
e. Synopsis of the Report
f. Report contents, p a r t  by part, section by section, 
paragraph  by p a ra g ra p h ; wherever possible, each 
paragraph  should have a caption.
5. Sheet, with the single word “ R eport.”
6. The report itself.
7. Plates.
8. Sheets or Drawings.
C o n t e n t s  o f  t h e  R e p o r t
The report should be absolutely complete, however long. A re­
port can be concise, whether 10 or 200 pages in length. Conciseness 
is a m atter of organization and writing, not of mere length. How­
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ever, if  the amount of experimental work is great and includes 
building and testing many models on the same project, extreme care 
is required in organizing a long report so as to permit information in 
it to be readily abstracted and digested by the reader. I t  will be 
necessary not only to pay particu lar attention to report s tructure 
and sequence of topics, but to include paragraphs which explain 
briefly the organization of the report, the character and location of 
the types of material and exhibits included, and the key to 
nomenclature. The w riter would classify the information to be in ­
cluded in the report under the following h ead s :
1. Summary of the Report.
2. Conclusions and Recommendations; clear language and di­
rect reference to drawings giving definition to the struc­
ture.
3. A uthority  for the work and nature of work ordered.
4. Service required for the structure, the basic data for design,
and any design limitations imposed by conditions at the 
site whether hydraulic (such as unusual ta ilw ater condi­
tions) or structural (such as unusual foundation or site 
features).
5. General paragraphs giving organization of the r e p o r t ; char­
acter and location of m aterial and exhibits in the r e p o r t ; 
key to nom encla ture; terms in which results are expressed 
(preferably using elevations, velocities, rates of dis­
charge, etc., as for the prototype).
6. Analysis of design, independent of model studies, but char­
acterizing the nature of the tests to be made.
7. Staff organization, laboratory facilities, instrum entation and
precision of work, in sufficient detail for a clear concep­
tion of the circumstances affecting tests.
8. Governing theory which applies to the particu lar model
studies under tes t;  brief statement, not a dissertation.
9. Description of the models, as to fabrication, erection, etc.,
again insofar as required for proper evaluation of 
strength of test results.
10. Recitation of Test Procedure.
11. Detailed discussion of individual tests or groups of tests.
12. Analysis of Test D a ta ; critical survey of m aterial gained in
tests, and interpretation, for general reference, in the case 
of coefficients secured, friction factors, scale effects, and 
other matters.
13. E x h ib its ; plates, drawings, etc.
W ith report material of the character shown above, it should be
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possible for the reader to review all of the original data and the cir­
cumstances of test, for the purpose of independent analysis and de­
duction or for interpretation beyond the immediate objectives of the 
study at hand, if this should prove desirable. Only in this way will 
the fullest benefit of the work result.
E x h ib it s
I t  has been found desirable to make plates or drawings in the 
report in conformity with the following brief description :
a. Drawings: Drawings are used to record the model layout and details,
dimensioned as in the prototype, but showing construc­
tion and fabrication details as in the model, particularly 
where the materials and details are related to the char­
acter of the measurements secured. In certain cases, 
model dimensions (sheet thicknesses, etc., may be mixed 
in with prototype dimensions, without confusion, espe­
cially where the material shown is obviously model de­
ta il) . As in construction drawings, the sheets should be 
arranged from the general (plans, sections) to the spe­
cific (details). Piezometers and instrumentation should 
be shown. If drawings are to be reduced, the lettering 
and weight of lines should take this into account. For 
an 8 % x l l  report, a convenient sheet size is 2 2 x 3 6  
overall, which upon reduction yields a page 11 x 18. This 
can be folded so that the title in the lower right hand 
corner is left exposed. Drawings can be reproduced as 
black line prints from a vandyke negative, or as photo­
stats or lithoprints.
b. Plates: Plates are used to show charts and graphs, small dia­
grams, or photographs. It is convenient to print 
the laboratory or office card in the lower left corner, and 
all fixed parts of the title in the lower right corner, on 
either standard graph paper or white thin bond paper. 
Other lettering can be added with mechanical aids. In 
the case of photographs, the following procedure is ser­
viceable: A border for the photograph or photographs 
is drawn in ink, and the photo title and identification 
number are lettered in. A negative is then made of the 
sheet. The negative is cut, and the individual negatives 
of the views to be shown, are mounted in place. The as­
sembly forms the master negative, from which direct con­
tact prints of the finished page can be made, complete 
with titles. It should be noted that for any form of 
photographic reproduction other than the direct contact 
print, some detail will be sacrificed. For that reason the
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writer prefers the direct contact prints, though they are 
more expensive.
R e p r o d u c t io n
For completely satisfactory reproduction of the reports, com­
mercial lithoprinting and binding is preferred, provided sufficient 
copies will be used (say a hundred or more) to bring down the cost. 
L ithoprinting is extremely satisfactory for the text, and for draw ­
ings ; the photographic work may be either lithoprinted, or handled 
as described above.
Co ncl ud in g  R em a rk s
Many organizations are issuing reports on hydraulic model s tud ­
ies, tha t are admirable in every respect. The w riter has learned 
much from experience in handling such work, and the suggestions 
contained herein, which derive from th a t experience, may be found 
useful, though perhaps applicable only in p art in many cases. In  the 
interest of hydraulic engineering and the advances which are being 
made through the agency of hydraulic model studies, this discussion 
is offered in the hope th a t  it may assist in the im portant m atter of 
getting valuable work in suitable record form.
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SPILLW AYS AND ENERGY DISSIPATORS
by
Jacob E. Warnock 
Hydraulic Research Engineer, Bureau of Reclamation, 
Denver, Colorado
T y p e s  o f  E n e r g y  D i s s i p a t i o n
In the design of hydraulic structures, types of energy dissipa­
tion may be recognized as follows:
1. External friction, such as between the water and the chan­
nel or between the water and the air.
2. Impingement, such as a jet of water striking a pool of water 
or a solid object.
3. Internal friction or turbulence, such as occurs within a hy­
draulic jump or a roller.
E x t e r n a l  F r i c t i o n .
External friction can be only partially controlled and can be 
depended upon to absorb only a fraction of the energy, but in cer­
tain instances it may be important. In  the case of needle valves or 
conduits discharging at a considerable height above the s t i l l i n g  pool, 
the friction between the jet of water and the air literally disintegrates 
the stream before it strikes the water surface below. At the Owyhee 
Dam (Fig. I )  the 48 inch needle valves discharge horizontally into 
the air 110 feet above the tailwater. The disintegration of the jets 
has to be seen to be realized. The “ ra in ”  beneath them equals in in ­
tensity the downpour during a cloudburst and it falls all along the area 
beneath the jets. The stream itself shows very little solid water but 
instead resembles a dense spray. As it strikes the water surface it 
appears to ricochet and strike a second time farther downstream ra th ­
er than plunge into the pool. This ricochet is due to the lesser den­
sity of the air-water mixture as compared to the solid water in the 
pool. The absorption of air due to friction causes the jet to impinge 
over a wide area and with fa r less force than a jet of solid water.
142
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F i g . 1 .— D i s c h a r g e  f r o m  O w y h e e  N e e d l e  S t r i k i n g  t h e  T a i l w a t e r  S u r f a c e .
I m pin g e m e n t
Direct impingement as a means of energy dissipation is not u ti­
lized except as a last resort when other methods fail. A recent study 
of a design for the Conchas Dam irrigation outlet works (Fig. 2) end­
ed in impingement as a solution. Excessive tailwater caused by the 
bottom of the canal downstream from the outlets being located sev­
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eral feet above the conduits rendered a hydraulic jump or a roller 
design out of the question. Each of the two conduits will discharge 
350 second-feet under a maximum head of 64 feet, or one outlet may 
discharge 700 second-feet under the maximum head. W ith these con-
F i g . 2 .— S t i l l i n g  P o o l  f o p . I r r i g a t i o n - O u t l e t  W o r k s  a t  C o n c h a s  D a m , 
T u c u m c a r i  P r o j e c t .
ditions the exit velocity will be very high, and since excessive tail- 
water prevents the formation of a hydraulic jump, baffle piers were 
located in the path of the high-velocity jet to disperse the velocity. The 
center training wall is necessary to prevent re turn  eddies when one 
gate only is operating. The chief objection to impingement as an en­
ergy dissipator is the difficulty of inspection and maintenance of 
the impact surfaces. In  this case, the pool can be unwatered readily 
during the winter months and necessary repairs made. The upstream 
face of the piers will be armored with standard 18-inch channels with 
the legs imbedded in the piers.
I n t e r n a l  F riction
Two of the most convenient and practical methods of eliminating 
the energy of flowing water are the roller and the hydraulic jump.
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The application of the hydraulic jump is more general because the 
roller requires an excess of tailwater to form properly.
R o l l e r  S t i l l i n g  P o ol
An example of a roller as a means of energy dissipation is the 
stilling pool designed for Grand Coulee Dam. The details of the de­
sign of this structure were contained in an article by the author in 
the November 1936 issue of Civil Engineering.
H y d r a u l ic - J u m p  S t i l l i n g  P o o l
The most widely used method of dissipation is the hydraulic-jump 
stilling pool. Excellent examples of its application in recent years
are the Norris Dam, constructed by the Tennessee Valley A uthority; 
the Madden Dam, built by the Panama Canal Zone; and the Shasta 
Dam (Pig. 3), now under construction by the Bureau of Reclamation.
The all-important criterion in the design of a hydraulic-jump 
pool is to obtain, insofar as feasible, an agreement between the tail­
water for a given discharge and the height of water necessary to form 
a perfect hydraulic jump. Nature seldom is so kind as to provide 
conditions whereby this agreement can be exactly attained. As an 
alternative, the floor of the pool may be located so as to produce an 
approximate coincidence between the tailwater curve and the jump- 
height curve.
A t Shasta Dam, if a horizontal floor were placed at sufficient
http://ir.uiowa.edu/uisie/20
depth to form a perfect jump at maximum discharge, there would be 
an excess of depth at lesser discharges. In  studying the profile of the 
stilling pool, three methods of analysis were used:
1. Visual observation of the behavior as seen through the glass side 
of a sectional model.
2. Pitotoube velocity measurements in the model at the downstream 
end of the pool to determine the depth for a given discharge at 
which maximum reduction of velocity occurred.
3. Computation of the slope of the floor by assuming a ratio between 
length of jump and depth at the downstream end of pool and find­
ing the locus of the downstream depth.
In the original model, the floor was horizontal with a 2.5:1 slope 
at the upstream end.
In  the first method of analysis, the tailwater was varied until the 
hydraulic jump appeared most efficient.
In  the second method, a point of minimum velocity occurred when 
the jump was most efficient. A decrease in tailwater caused the jump 
to move downstream, thus increasing the velocity, while an increase in 
tailwater elevation drowned the jump, causing the jet to dive under 
and retain  more of its initial velocity. The elevations determined for 
various discharges by both methods were plotted and the results found 
to be the same for all practical purposes. The jump-height curve ob­
tained in this manner was considerably above the normal tailwater 
curve for the high discharges and below for the low discharges. This 
fact indicated that the original apron was placed too high for most 
efficient operation at the high discharges. Only at intermediate flows 
did an efficient jum p form. Moreover, the pool surface was rough at 
all discharges.
An 8 :1 sloping apron improved the action so that the jump could 
not be drowned on the model and the tailwater at which minimum 
velocity occurred could not be reached. Even so, the velocity at the 
end of the apron was equal to or less than the minimum for the orig­
inal design. The jump-height curve obtained visually coincided with 
the natural tailwater curve for all flows except those near the max­
imum of 250,000 second-feet where five feet additional depth was found 
necessary to give satisfactory conditions.
A 12 :1 apron, which deepened the pool at the upstream end, cor­
rected this condition. The jump had an efficient appearance for all 
discharges and it was noted that any appreciable increase in tailwater 
depth for the maximum discharge gave a rougher pool surface. It 
was noted also that considerable reduction in tailwater depth gave
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rough but satisfactory conditions, thus indicating a factor of safety.
In  the computation (Fig. 4) of the slope of the apron, the length 
of jump was conservatively assumed to be four times the depth down­
stream from the jump. Using the momentum formula for the hy­
draulic jump
the values of D 2 for different discharges were computed. W ith the 
pool entrance as origin, length of pool as abscissa, and elevation as
D IST A N C E FROM POOL E N T R A N C E  ( 4 D *  FOR EACH D IS C H A R G E )  
N O T E
R o ,R i ,R 2,R 3 ,R4 ond R 5 a re  equal to  th e  values of De 
f o r  th e  resp ec t ive  d is c h a r g e s ,Q 0 ,Q i .etc .
F i g . 4 .— D e s i g n  o p  S l o p i n g  A p r o n  f o r  S h a s t a  D a m .
ordinate, the tailwater elevation for each discharge was plotted a dis­
tance of 4 D„ from the origin. W ith these points as centers and radii 
equal to the respective D 2, arcs were drawn below. A line tangent to 
these arcs is the profile of the stilling apron to be used. The slope of the 
Shasta apron computed by this method was 12.5:1. A slope of 1 2 :1 had 
been previously determined by the model studies.
D i s t r i b u t i o n  o f  F l o w
Experience has taught us that to secure a stable and uniform 
jump the water entering a hydraulic-jump stilling pool must be 
uniformly distributed with no re turn  flow along the sides of the pool. 
This requirement in the case of small structures, particularly in canals, 
has led to a certain amount of conflict between the structural and
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the hydraulic engineer. I t  is cheaper to pave the sides of the canal 
to form a so-called “ trapezoidal pool” than it is to construct vertical 
retaining walls.
In  1937, the problem of the spillway for the DosBocas Dam be­
ing constructed by the Rural Electrification Division of the Puerto 
Rico Reconstruction Administration was undertaken by the Bureau 
of Reclamation upon the recommendation of the consulting board 
Operation with the original abutment entrance design was very un-
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F i g . 5 .— C h a n g e  o f  E n t r a n c e  C o n d i t i o n  o n  D o s  B o c a s  D a m .
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satisfactory. The square entrances caused the sheet of water to spring 
free from the spillway sides, resulting in a much reduced flow at the 
side walls and a concentrated flow in the center of the stilling pool. 
This unbalanced condition caused a severe whirl on each side of the 
pool. These whirls caused disruption of the hydraulic jump formation. 
The introduction of a curved entrance at each abutment (Fig. 5) and 
the streamlining of the upstream nose of the bridge piers eliminated 
this undesirable condition. As the studies progressed, a position of 
the stilling floor was developed which produced entirely satisfactory 
flow conditions for the maximum designed discharge of 200,000 sec­
ond-feet and for all other discharges except in the region of 50,000
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F i g . 6 .— D o w n s t r e a m  E l e v a t i o n  o f  D o s  B o c a s  S p i l l w a y  S h o w i n g  O r i g i n a l  
a n d  R e c o m m e n d e d  D e s i g n s .
second-feet. A severe whirl on the left side of the apron was formed 
by two distinct conditions acting together, the elimination of either or 
both being difficult. The whirl was considered troublesome inasmuch 
as any loose rock or gravel immediately downstream from the apron 
would be transported onto the apron to erode the concrete surface.
The first cause of this whirl was that even with the change of 
design on the bridge piers and abutment entrance there was still some 
lack of uniform distribution of flow over the extreme ends of the 
spillway. Secondly, at flows of less than 75,000 seeond-feet, the top­
ography downstream on the left side acted as a control forcing the 
stream over into the main channel. As a result, a “ dead” area was 
formed from which water flowed back into the jump area, disrupting 
the jump and forming the whirl. Sills, dentates, and variations of the 
apron elevation did little toward elimination of the whirl. The final 
solution (Figs. 6 and 7) consisted of shifting the entire spillway crest 
fifteen feet to the right and converging the spillway and stilling-pool 
walls toward the downstream end of the apron. The step-by-step an­
alysis of this change is as follows: by rotating the left wall about 
its intersection with the crest line so that the downstream end was 
fifteen feet to the right of the original position, it was found that the 
deficiency of water was'1 eliminated and the stream so directed to­
ward the original channel that the “ dead”  area in which the whirl 
formed was eliminated. To again establish symmetry of design, the 
right wall was rotated a similar amount to the left.- No adverse ef-
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feet was noted in the flow conditions; in fact, there was some im­
provement despite the fact that the downstream end of the apron 
had been constricted a total of thirty feet. However, the rotation of 
the right wall moved it fifteen feet out into the river channel. To 
bring it back to its original position, which was more desirable from 
a structural standpoint, the entire crest was shifted to the right a
F i g . 7 .— P l a n  o f  D o s  B o c a s  S p i l l w a y  S h o w i n g  O r i g i n a l  a n d  R e c o m m e n d e d
D e s i g n s .
distance of fifteen feet, which in effect moved the downstream end of 
the left training wall thirty feet to the right. This change of position 
not only appreciably improved the hydraulic conditions in the stilling 
pool but produced a decided economy by reducing the deep rock ex­
cavation on the left side. The depth of excavation at the downstream 
end of the left training wall was reduced from 45 to 20 feet.
M a s o n r y - D a m  O u t l e t  W or k s
An important problem in recent developments is the pro­
vision of discharge capacity to release water in excess of the power
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demand. At Grand Coulee Dam (Fig. 8) three tiers of twenty 8-foot 
6-inch outlets are being provided to release 225,000 second-feet, and 
at Shasta Dam, a total of seventeen outlets of the same size will be 
provided in three tiers to release a flow of 63,000 second-feet. The 
two installations have been studied practically as one problem so 
that the tentative design for Shasta Dam is identical to that of the 
upper tier at Grand Coulee. Certain last minute changes could not be 
included at Grand Coulee because of the construction progress.
In the original design of these conduits, they were placed hor-
SECTI0N THRU DAM 
FLOW THROUGH OUTLETS
P i g . 8 .— D e s i g n  o f  R i v e r  O u t l e t s  f o r  G r a n d  C o u l e e  D a m .
izontally so that the jet would plunge into the tailwater downstream 
from the stilling pool. The model showed extreme scour conditions, 
particularly along the riprapped banks of the powerhouse tailraces. 
In the next design, the conduits were placed on a parabola through 
the dam so that the jet would plunge into the spillway stilling pool. 
The dissipation of energy in the flow from the upper tier was satis­
factory, but with a high tailwater the jet from the middle tier was 
diverted over the bucket lip and into the erodible river bed. How­
ever, an error in assumption was made which was brought to light 
in a subsequent model. If the control is at the downstream end of 
the conduit, the pressure gradient is above the conduit and the pres­
sures in the conduit are all positive. Actually, the control was at the 
upstream end and the pressure gradient between the inlet and out­
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let dropped below the conduit a maximum of 46 feet or the difference 
in elevation between the inlet and outlet. Obviously, that condition 
is an impossibility in the prototype since absolute pressure is ap­
proximately 33 feet below atmospheric pressure. To prevent cavita­
tion this negative head should not exceed the head at which cavita­
tion occurs.
With these limitations, a new design of outlet was evolved in 
which an elbow was placed as near the face of the dam as structur­
ally feasible and the water was discharged down the face of the 
dam into the spillway stilling-pool bucket. Structural limitations had 
dictated a maximum head of 250 feet on the outlet control gates. A 
minimum head of 50 feet was assumed. A cone at the end of the 
elbow reduced the diameter from 8 feet 6 inches to 7 feet 9 inches. 
This reduction of diameter made the exit the control for all heads in 
excess of 50 feet and completely eliminated the negative pressures. 
The stilling-pool bucket with the outlets discharging will function 
as an energy dissipator in a manner similar to that during the spill­
way discharges.
Later studies of the outlets installed in a model of the spillway 
showed a rather severe splash and spray condition where the sheet 
of water down the spillway impinged in the opening of the outlet. 
This condition existed at flows of less than 500,000 second-feet dis­
tributed uniformly over the entire crest at Grand Coulee. A de­
flector was detailed to divert this flow over the opening. This ad­
ditional structure permitted moving the conduit elbow three feet 
downstream, thereby shortening the opening on the face of the dam a 
distance of 13 feet.
L o w - H e a d  D i v e r s io n  D a m s
An interesting and rather startling incident, impossible to ob­
serve on the prototype because of the turbid condition of the flood 
water, was witnessed in a model (Fig. 9) of the Power Canal Di­
version Dam on the Salt River Project in Arizona.
The dam, originally built in 1903 to divert water for power de­
velopment in connection with the construction of Roosevelt Dam, 
was partly demolished by a flood in 1916. In 1935, plans were form­
ulated to rebuild the dam using the same cross-section as before so 
that the portions of the old dam could be utilized.
The river above the dam carries a heavy bed load, and during
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a flood, bars form across the dam completely covering it for short 
intervals. In the clear water of the model, it could be seen that holes 
were scoured, often to a depth of 12 feet, along the upstream face 
of the spillway crest. The velocity of approach was high, due to the 
shallow channel, and as the water passed over the crest an eddy was 
formed below the upstream edge. This eddy picked up bed material 
near the upstream face of the dam and carried it downstream. The 
pocket increased in size until the intensity of the eddy was decreased 
and it could no longer pick up material. The hole then gradually
Upst re am  edge of c r e s t
UPSTREAM EROSION
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filled again from the material being moved along by the stream, but 
while a particular hole was filling another would be forming else­
where (Pig. 10). As a hole became filled, the cycle would be re­
peated. Examination of the portions of the original dam remaining 
in place disclosed scour to a depth sufficient to confirm the observa­
tions in the model.
Based on these facts, there is reason to believe that one of the 
major factors of the failure was piping under the dam due to the 
reduction of percolation length by the formation of the holes up­
stream. Only one section of the spillway was moved any distance 
from its original position in the dam. Assuming that the major cause 
was piping, the one section was undermined and literally skidded 
downstream, where it came to rest tilted upstream.
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In the redesign, the river bed was heavily riprapped upstream 
from the dam to stabilize it against a recurrence of the failure. W ith­
in a few days after the completion of the reconstruction in 1937, a 
flood, equal or greater in magnitude to the one which had caused
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the previous failure, passed the dam. Subsequent examination of the 
riprapping showed no disturbance had occurred.
The section of the original dam (Fig. 11) moved downstream 
during the failure was uncovered by the 1937 flood. Previously it 
had been reported as “ lost” . Soundings below the reconstructed 
dam after this flood showed deep scour between the dam and the 
“ lost section” . Model studies of this combination checked the field 
measurements and showed that continued flood flowr would move 
the “ lost” section not downstream but upstream. Undermining at 
the upstream side would disturb its equilibrium and cause it to roll 
toward the dam. In other words, an object too heavy to be moved 
downstream might roll upstream by undermining. To prevent such 
an incident at the prototype and its consequent endangerment of the 
reconstructed dam, the old section was removed by blasting.
S t il l in g  B a s i n s  fo r  S m a l l  S t r u c t u r e s
So far, this discussion has dealt primarily with major structures, 
but the principles involved are applicable to the design of small 
structures. Two groups of small structures on which considerable 
study has been made are outlet works for earth-fill dams and drop 
and chute structures for canals.
E a r t h - D a m  O u t l e t  W or ks
The problem of scour prevention below earth-dam outlet works 
is being encountered with increasing frequency. Laboratory experi­
ments have evolved four general types of stilling pools: (1) free 
jet, (2) chute, (3) hump, and (4) impact. The application of each 
is established by the relative position of the outlet and the tailw ater; 
by the type of outlet, whether slide-gate or needle-valve control; and 
by the character of the downstream river channel.
By a series of experiments, the limits of application of each type 
have been fairly well established. Where the outlet is above the 
tailwater and the channel below is comparatively stable, a pool into 
which the jets will plunge is sufficient. In the case of the Tieton 
Dam, the pool was excavated by the action of the jets themselves. 
A natural grading carried away the smaller material and left the 
large gravel and boulders as riprapping. Recently, model studies of 
the outlet works for Grassy Lake and Deer Creek dams were made, 
based on the results at Tieton Dam. A stilling pool was developed
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to be excavated and riprapped as part of the construction program. 
The basin was simply designed by determining the pattern of the 
eddies formed by the jets in the pool and determining the extent of 
riprap required.
If the channel is narrow and erodible, where scouring may be 
dangerous to the structure, a chute basin (Fig. 12) should be used 
for all conditions with the outlets above the water surface. The 
chute basin can also be used for all cases between outlet invert at 
tailwater elevation and outlet centerline at river-bed elevation. If 
the outlet centerline is lower than the river-bed elevation, the hy­
draulic jump will move back against the outlet, causing undesirable 
flow conditions. The hump basin (Fig. 12) should then be used to 
form the jump downstream from the outlets. If the outlets are ex­
tremely low and the control is by slide gates, an impact pool can be 
used as was described in the first part of this paper.
The floor of a chute basin is designed to fit the maximum tra ­
jectory of the valve jet. The pool should be symmetrical with respect 
to the valve centerlines, with a width equal to twice the valve spac­
ing. A dividing wall along the centerline of the pool is required for
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satisfactory jump formation with one valve operating. The top of 
this wall should be at the maximum tailwater elevation for one 
valve operating and it may terminate at a point two-thirds down the 
basin. The hydraulic-jump basin is designed in the same manner as 
in a spillway stilling pool. For single-valve operation, each half of
the basin functions as a unit, so the 
maximum tailwater for one valve 
operating should be used in deter­
mining the floor elevation.
The floor in a hump basin con­
sists of a simple curve at the valve 
end and a trajectory designed to fit 
the maximum jet at the stilling- 
basin end. The elevation of the 
hump crest should be about river 
bed level. In  this case, a dividing 
wall is not essential to satisfactory 
flow for single-valve operation, 
since the hump is effective in 
spreading the jet over the width of
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flow. The dimensions may be de­
termined as previously outlined, using the maximum tailwater for all 
valves operating to determine the floor elevation in this case.
M in o r  S p i l l w a y s , C a n a l  C h u t e s  a n d  D r o ps
In irrigation systems, many drop structures are required at 
changes in grade in a canal and at turnouts into the laterals. The 
total drop in water surface at these structures may be only a few 
feet or it may be several hundred feet, but in any event it is neces­
sary to provide some means at the lower level for dissipating a 
large part of the energy of flow, and for reducing the velocity before 
the flow proceeds along its natural course.
It has been recognized only recently that the hydraulic jump is 
one of the best means of obtaining effective energy dissipation and 
velocity reduction.
One type of structure which has been quite extensively Used, 
principally because of its economy of construction, is the trapezoidal 
inclined drop (Fig. 13). The design from a hydraulic standpoint is
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fundamentally wrong. The high-velocity jet down the slope of the 
drop is concentrated in the center of the structure by the sloping 
sides. The jet prevails through the stilling-basin structure with very 
little dissipation of energy. This is finally accomplished by channel 
friction and the semblance of a hydraulic jump, but the turbulent zone 
continues for a considerable distance downstream with sufficient 
force to scour the banks even at flows below capacity.
In the case illustrated, where approximately 75 per cent of the 
maximum capacity of 114 second-feet is flowing with a drop of only 
7 feet, the original riprap was piled by the water into the center of 
the canal below the structure. Heavier riprap did not stay in place
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because the severe turbulence occurred downstream from the struc­
ture instead of on the concrete apron. The riprap was finally grouted 
to hold it. The extent of the maintenance can be seen in the illus­
tration.
In contrast to the above case, a chute (Fig. 14) is shown with 
a total drop of 75 feet and with a flow of 100 per cent of its total 
capacity of 26 second-feet. The flow down the chute and through 
the hydraulic jump was well distributed with no return flow in the 
pool. Even though the water is turned 90 degrees a short distance 
downstream from the stilling pool, there was no erosion except a 
little “ beaching” due to surface waves.
The length and depth necessary to form a hydraulic jump has 
been reduced in canal structures and minor spillways by the use of
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chute blocks, floor blocks, and end sills. In other words, impinge­
ment has been combined with the hydraulic jump (Fig. 15). With 
these devices the depth necessary to produce a hydraulic jump on a 
level floor is about 85 per cent of the theoretical depth as determined 
by the momentum formula. This means that the basin floor may be 
raised 15 per cent of the theoretical depth. Furthermore, the length 
of the basin may be reduced about 25 per cent of that required for a 
level floor with no blocks or sill. The function of the chute blocks 
is to break the high-velocity sheet of water entering the basin into 
a number of small jets, or, in effect, increase the depth at the entrance
Mox.TW. El.--
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to the jump. The increased depth produces greater turbulence, hence 
greater energy dissipation. The floor blocks and the end sill aid in 
checking the high velocity and in maintaining the jump within the 
basin. The end sill is also effective in developing a ground roller at 
the end of the basin which not only prevents scouring at the cutoff 
wall but actually causes a deposition of material downstream from 
the sill.
C o n c l u s i o n
It is not anticipated that the near future will produce many 
structures of the magnitude of Boulder, Grande Coulee, and Shasta 
dams, but from the applications which have just been discussed, it 
can be seen that the methods of design employed in the refinement 
of their hydraulic properties may be applied to small structures. 
This fact is being recognized by designing engineers, and, as a result, 
structures formerly designed entirely by precedent- are now being 
referred to the hydraulic laboratory.
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THE MANIFOLD PROBLEM IN LOCK DESIGN
by
Martin E. Nelson 
Engineer, U. S. Engineer Department 
and
Associate Director, Iowa Institute of Hydraulic Research 
Iowa City, Iowa
The scope implied by the title of my paper covers practically 
every phase of lock construction and would enter into the fields of. 
structural, mechanical, and electrical design which I do not feel 
qualified, nor does time permit me, to discuss. The feature of locks 
in which I have been particularly interested, and to which I will 
limit my discussion in this paper, is the problem of designing hy­
draulic systems for filling and emptying locks, in raising or lowering 
craft from one water level to another in a navigation course.
In the early days of transportation over natural inland water­
ways, navigation was limited to those sections of the rivers, or 
to those seasons of the year, which provided unobstructed depths suf­
ficient to float the vessels used. Increasing demand for more de­
pendable service prompted construction of artificial controls for as­
sisting traffic over shallow places. So-called staunches or barriers 
with flood gates were constructed above shoal places to store water 
which could be released as a Wave 011 which the vessels could ride 
over bars or rapids where the water was otherwise of insufficient 
depth. These staunches were also used as means for impounding 
the river over shallow reaches to permit boats to travel on slack 
water from one staunch to the next one upstream or downstream. 
Having only one gate at each control, it was necessary to empty com­
pletely the pool above in order to pass craft through the staunch. 
Thus, upstream traffic, after passing the staunch, would have to wait 
until the pool was filled before proceeding to the next one above. 
This method was necessarily slow, particularly in rivers of consid­
erable channel storage or low rates of discharge. To overcome this 
delay, two barriers were built close together, with gates in each, and
160
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it became necessary only to store or waste water in a lockage in the 
amount of the capacity of the channel between the controls. As 
economy of water became more important, the capacity of the reser­
voir between staunches was decreased by constructing parallel walls 
in the stream or to one side with gates at either end to retain the 
water in the chamber and for passing boats into and out of it. This 
was the beginning of the present lock.
The tilling systems in the early locks were very simple. In small 
locks with low lifts the lock gates themselves could be opened man­
ually to allow the chamber to till or empty. Larger locks with 
greater lifts required auxiliary filling valves, usually placed in the 
main gates and operated by hand. The operation was slow, and, as 
faster movement of traffic and higher lifts became necessary, more 
efficient hydraulic systems were required. Without going into 
further details regarding development of the various systems used 
in filling or emptying locks, suffice it to say that today there are four 
general types in use :
a. Filling through the upper end of the lock either by means 
of valves in the gate, by using the gate itself, or by means of culverts 
and valves in the sill.
b. Stub or loop culverts around the upper gate bay, which con­
duct the water from the upper pool into the upper end of the lock 
chamber and controlled by valves in the culverts.
c. Longitudinal culverts within the walls of the lock connected 
to the pool both above and below the lock and connected to the cham­
ber by means of short lateral ports. Appropriate arrangements of 
valves at the upper and lower ends of the culverts permit this mani­
fold system to be used for both filling and emptying the lock.
d. Longitudinal culverts in the floor of the lock open to the 
upper pool and connected to the chamber by vertical ports. The 
emptying system may be combined with the filling system or sep­
arate, as loop culverts around the gate bay or under the gate sill.
It is not the province of this paper to discuss the various types 
of filling systems, or to prove which system is the best. I t  is my 
opinion that each design has certain adaptations peculiar to itself 
which make it fitted to certain locations where others would not be, 
and it is also my belief that any of the various systems suggested 
here can, by careful analysis and study, be designed to give adequate 
and satisfactory service.
http://ir.uiowa.edu/uisie/20
The selection of a type of hydraulic system for a navigation 
lock is governed by the type of traffic to be handled, the character­
istics of the waterway, and by economic considerations. More speci­
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fically, the design depends on the nature of the waterborn traffic, 
the required width and length of the lock chamber, the type of water­
way, whether canal or river, with different physical properties and 
stability of channel conditions.
The type of filling system to be selected for any particular case 
will depend upon the local situation. Each type has individual 
merits and one may be suited to a project -where the others are not. 
In general the criteria to use in determining which design should be 
adopted would be threefold:
(1) It should be economical in construction;
(2) It should fill and empty the lock without creating surges 
or turbulence detrimental to craft in lockage;
(3) It should effect its function as rapidly as is consistent with 
demands of traffic and economy in construction. The local condi­
tions will indicate the relative importance of these criteria and will 
influence the selection of a type which will most adequately satisfy 
the requirements. All of the types indicated are commonly used in 
this country although type (c), the manifold system with side-wall 
culverts and lateral chamber ports, has been more generally adopted 
during the past 20 years than the others. The majority of locks con­
structed during this period have been built by the Corps of Engi­
neers of the United States Army, particularly in the Ohio and Upper 
Mississippi River waterways, and since the side-wall culvert system 
was found adequate for the size of lock, lift, and type of traffic, 
which factors were all quite similar at most of the locations, this type 
was adopted as standard construction.
Type (d), the floor culvert system, has been used with various 
modifications at the Sault Ste. Marie locks, Keokuk locks, Panama 
Canal lock and more recently in the Bonneville lock.
Types (a) and (b) are less common in this country but have been 
used extensively in European practice.
Hydraulics as applied to filling and emptying locks of the type 
used in the inland waterways of the United States has been the sub­
ject of comprehensive model studies conducted by the U. S. Corps of 
Engineers in the laboratory of the Iowa Institute of Hydraulic Re­
search. The primary purpose of this investigation was to study the 
various factors influencing the flow of water in the composite con­
duit system used in operation of river locks and to establish bases 
for correct design of its component units in order that the optimum
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efficiency in operation of the system as a whole, commensurate with 
economy in construction, might be achieved.
In 1929 a model was constructed simulating a side-wall culvert 
or manifold system in Avhich the basic characteristics of the hydraulic 
system were investigated, and as improvements were indicated they 
were introduced and tested in the model.
The model was constructed to simulate a standard lock 360 ft. 
long by 56 ft. wide, with a lift of 40 ft. The fullsize dimensions of 
the side culverts were 8 by 10 ft. Fourteen ports, 4 by 4 ft., equally 
spaced on each side, connected the culverts with the lock chamber. 
The scale of the model was 1 to 15. The culverts and ports were con­
structed so as to readily permit alterations in the size, shape, and 
spacing of the ports or any part of the culvert system. Sections of 
the culvert and certain of the ports were made of transparent pyra- 
lin to permit visual observation of flow conditions in the system. 
Several piezometers were installed in one culvert, in the lock cham­
ber. and in a few ports for observation of pressures. Stages and 
surges in the lock chamber during lockage operations were recorded 
automatically by an electric spark device.
The filling ports in a lock with longitudinal culverts play an'im- 
portant part in the performance of the lock and yet their hydraulic 
design with a view toward efficiency has received very little consid­
eration. The port entrances have been formed with square corners, 
almost exclusively, or, as in some rare cases, with slightly chamfered 
corners. In  general the ports have been uniformly spaced with the 
size and number determined by the arbitrary rule that the combined 
port area in each wall should be about 50 per cent in excess of the 
culvert area so as to compensate for entrance losses and provide a 
port velocity somewhat lower than the culvert velocity. In 16 locks 
representative of construction practice in the Mississippi, Ohio, Ten­
nessee, Kanawha, Allegheny, and Warrior Rivers, the ratio of port 
area to culvert area varied from 1.50 to 2.20, with an average of 1.65. 
The ratio in most common use was 1.50. In the model constructed 
in the laboratory the port area was 2.8 times the area of the culvert, 
but arrangements were made to permit wide variation in this ratio by 
closing any number of the ports.
It has been assumed that the capacity of the port is governed 
by the size only, disregarding the fact that capacity can also be 
modified considerably by shaping the port so as to eliminate friction
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and eddy losses. In addition to affecting the capacity of the hy­
draulic system and the efficiency of the lock, the shape of the port 
also has a very important bearing upon the turbulence and dis­
turbance in the lock chamber and upon any craft, particularly small 
ones, that may be in the chamber.
Operation of the model at once indicated an uneven distribution 
of discharge through the ports with more rapid filling at the down­
stream end than upstream. The effect in the chamber was very un­
desirable because of excessive turbulence in the downstream end and 
a considerable current in the upstream direction.
The pressure gradient in the culvert observed on the manome­
ters had an upward slope in the downstream direction indicating a 
greater head on ports located near the downstream end of the culvert 
than at the upstream end, hence, the unbalanced distribution of flow. 
The velocities of the jets issuing into the lock chamber from the port 
were also measured, using pitot tubes, and the character of flow in 
the transparent culvert section and ports was observed by using dye, 
confetti, and short yarns. The velocity measurements made under 
static pool conditions at 4 different heads indicated a flow-distribu- 
tion pattern in the ports of the manifold which was identical for all 
of the heads tested. The variation in head on the ports and the con­
sequent difference in discharge through the ports is obviously diie to 
conversion of energy in the column of water flowing within the cul­
vert. The depletion of water from the column at the entrance to 
each successive port causes a reduction in velocity head which is ac­
companied by an increase in the pressure head, provided the friction 
and eddy losses from one port to the next do not exceed the reduc­
tion in velocity head at the port—a condition which did not exist in 
any of the tests conducted in the model discussed in this paper.
The increment of pressure is not, however, necessarily a function 
of the change in velocity head alone. If  the column of water was 
flowing at super-critical velocity there was no definite relation be­
tween these two factors, but from the point of approximately critical 
velocity to the closed end of the culvert an almost straight-line rela­
tionship existed.
Much the same condition occurs when the lock is emptying. The 
accumulative discharge in the culvert, flowing in the downstream 
direction, increases the velocity with the result that the greatest 
pressure drop between the lock chamber and the culvert occurs at
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the last port in which the greatest discharge also takes place. The 
pressure gradient in the culvert on emptying the lock drops consid­
erably more abruptly than the gradient rises in the filling operation. 
The relative distribution of discharge in the upper and lower halves 
of the lock on filling were 29 and 71 per cent, respectively, and on 
emptying about 22 and 78 per cent.
In order to maintain constant pressures in the culvert and thus 
attain even distribution of flow through the ports, it would be neces­
sary either to make the culvert so large that the change in velocity 
head would be negligible, or to reduce the area of the culvert at each 
port in proportion to the per cent of total discharge depleted from 
the culvert by the respective ports, with proper allowance made for 
the head losses occurring in the intervening section of culvert. Both 
of these solutions are impractical: the first, because it would require 
a culvert of such dimensions as could not be accommodated in the 
lock wall and the second, because when the same culverts are used 
for both filling and emptying the lock, the correction satisfactory for 
one operation would not work for the other. Fortunately the empty 
ing operation presents the lesser problem with respect to disturb­
ances in the lock chamber. The operation begins with a deep cushion 
of water under the craft and the slight downstream drag of the 
water in the chamber has no harmful effects. Sudden opening of the 
valves may under certain conditions set up oscillatory waves that 
can produce critical hawser stresses or distress the boats by undue 
tossing, but this might occur with almost any type of emptying sys­
tem no matter how carefully it was designed.
Uniform distribution of flow into the lock in the filling operation 
can be obtained with square-cornered ports by varying the size, or by 
varying the spacing between them until the distribution of area along 
the length of lock becomes inversely proportional to the discharge 
capacity of the ports. However, it is important not only to provide 
uniform distribution of inflow but also to secure this condition with 
the minimum of energy loss in the hydraulic system and to effect the 
dissipation of the energy of the incoming jets with a minimum of 
turbulence in the lock. The model experiments have led to develop­
ment of a port design which not only conserves the hydraulic energy 
in the filling system and minimizes the turbulent effect of the jets 
in the lock, but also tends to equalize the flow of water through the 
ports.
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An apparatus was constructed in which individual ports could 
be tested under conditions simulating those existing at any port in 
a lock. The pressures upstream and downstream from the port, the 
velocity past the face of the port, and the depth of submergence of 
the outlet could all be adjusted to any desired values. In  this ap­
paratus the coefficients of discharge of various shapes of ports were 
investigated, particularly to determine the correlation, if any, be­
tween the coefficient of the port and its transfacial velocity. These 
tests disclosed the interesting fact that the discharge coefficient of a 
square-cornered port is adversely affected by flow past its entrance, 
the coefficient decreasing with increasing velocity, the pressure head 
remaining constant. A well-rounded entrance on a port with a 
straight bore indicated no change in the coefficient throughout the 
range of velocities, tested while a port well rounded at the entrance 
and expanded toward the lock chamber, referred to as a fully stream­
lined port, indicated a greater coefficient with increasing transfacial 
velocity. Hence, streamlined ports partially effect equalization of 
flow into a lock chamber and, by virtue of the rounded entrances, re­
duce hydraulic energy losses. The expanding bore of the ports de­
creases the exit velocity and disperses the jet more rapidly in the lock 
chamber, thus dissipating its energy sooner and with less turbulence 
than a port with uniform or contracted bore. Visual observation 
of the flow conditions inside of the pyralin ports of the various 
shapes described indicated that a square-cornered p'ort at the up­
stream end of the lock had an effective area equivalent to about 20 
or 25 per cent of its actual area, the ratio increasing in the down­
stream direction. Eddies occupied the upstream side of the port 
while the water drawn from the culvert entered the lock chamber 
as a thin sheet along its downstream side. The rounded and stream­
lined ports, on the other hand, indicated no eddies or reverse flow 
unless the port area had been over-designed.
The ratio of total port area to culvert area is important. The 
arbitrary rule for square-cornered ports of allowing 50 per cent more 
port area than culvert area, which has been established through many 
years of cut and try  in prototypes, is probably very nearly correct. 
For a streamlined port the area should be no greater than the culvert 
area and in some cases a smaller area would prove better. In the 
absence of design data applicable to a particular project, the use of 
model tests in determining the proper areas, both for culverts and
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ports is strongly recommended. In  a specific ease the port area 
had been determined by use of a model, but in construction the ports 
were made larger so that the aggregate area was about 25 per cent 
larger than specified in the design. Tests were made in the prototype 
to determine the quantity of flow from each port for comparison with 
the model and it was found that the three upstream ports, having an 
area equal to 25 per cent of the total port area, contributed no flow 
into the lock during the entire filling period. On the contrary, they 
were discharging water from the lock chamber back into the culvert 
during most of the time.
Various types of valves have been used for operating mani­
fold hydraulic systems, stoney valves, butterfly, fainter, thimble, 
cylinder valves, etc. The fainter valve is in most common use and 
has become standard in Mississippi River construction.
It  is important in a manifold system that the culvert from a 
point upstream from the valve to the lower end be located below 
tailwater level. In locks where this has not been done, considerable 
difficulty and loss of efficiency have been experienced due to entrap­
ment of air in the culvert, causing restriction to flow and blowing 
of air from the port with consequent disturbances in the lock cham­
ber. Elaborate venting systems have been installed to relieve this 
situation and at considerable expense, especially where it was under­
taken as a necessary measure after construction of the lock was com­
pleted.
During the period that the valve is being opened, as velocities 
under the full head of the lock are concentrated through a small 
opening, the pressure drop in the culvert may approach the full 
static head and, unless the culvert at the valve is submerged below 
the lowest point on the hydraulic gradient, air will be drawn into the 
culvert through the valve shaft or through the lower stop-log recess. 
The cost of lowering the culvert to correct this feature would in most 
cases be prohibitive and would entail numerous other construction 
difficulties. The model has indicated a very simple solution—one 
that provides other inherent benefits to the operation of the lock. 
Heretofore, the tainter valves have been placed in the same position 
in the lock culverts as they normally occupy in a dam. By reversing 
the position of the valve, placing the trunnions upstream instead of 
downstream, a water seal in the valve shaft is obtained which pre­
vents passage of air into the culvert. However, if the downstream
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stop-log recess is placed near the valve, as is usually the case, it will 
be necessary to seal this opening also. Pickwick Lock in the Ten­
nessee River was the first to be constructed this way and it has per­
formed in the prototype to every expectation indicated by the model. 
With this arrangement a venting system would not be necessary, be­
cause, if it functions properly, there will be no entrapped air to re­
lease from the culvert. Since Pickwick Lock was the first structure 
to use this innovation it was decided to install vents as a precaution­
ary measure, but there has been no evidence of air escaping from the 
vents. A removable diaphragm was placed in the stop-log recess 
above tailwater level for sealing and, for the purpose of comparing 
the behavior of the lock with the “ closed” and “ open” systems, the 
diaphragm was opened up so as to permit the entrance of air to the 
culvert at this point. There was violent spouting in the vents as they 
discharged alternately large volumes of air and water. Blowing of 
air from the ports into the lock chamber was also evident. In addi­
tion to eliminating the problem of air in the filling system, the re­
versed tainter valve permits the shaft to be used as a surge chamber 
in the event of accidental or sudden closure of the valve, relieving, to 
some extent at least, water-hammer forces on the valve. The empty­
ing valve in this type of hydraulic system should be treated the same 
way as the upstream valve.
I have by no means covered all the manifold problems in lock 
design nor have all the practical problems confronting the designing 
engineer been exhausted. It is true, however, that the use of models 
has enabled us to advance materially in the solution of many prob­
lems which have heretofore been hidden mysteries. As to the relia­
bility of models as a means of predicting the behavior of full-size hy­
draulic structures, a question which is moot in the minds of many 
engineers even today, may I cite only a few comparisons which sub­
stantiate the transferability of results from similar structures.
The time to fill and empty a lock checked the model within 1 
per cent, maximum rates of rise and fall checked within 5 and 3 
per cent, respectively, and the filling and emptying coefficients of the 
lock checked within 2 and 5 per cent, respectively.
Visual inspection of the behavior of the hydraulic system, turbu­
lence in the chamber and lower approach indicated a marked degree 
of similarity between the model and prototype.
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HYDRAULIC MODELS—GEOMETRICAL OR DISTORTED
by
Herbert D. Vogel, Captain 
Corps of Engineers, U.S.A.
The Engineer School 
Fort Belvoir, Virginia
A decade has passed since th£ return of this writer from a year 
of study in the hydraulic laboratories of Germany. At that time, 
although the move had been made to inaugurate practical experi­
mental hydraulics on a large scale in the United States, considerable 
skepticism was still evident in many parts as to the general relia­
bility of models. The effect was to put the proponents on their met­
tle and incite them to produce adequate and immediate proof as to 
the accuracy of their results. Their greatest initial problem, in this 
same connection, was to convince the Missourians that distortion 
could be carried beyond limits which had been rigidly and arbi­
trarily established by the older, European school of thought. Al­
though laboratories had been long since established in the technical 
universities of England, France, Italy, Switzerland, and Germany, 
it was only in the last-named country that experiments had been 
conducted on a relatively broad and practical basis. And even in 
Germany there had been demonstrated a definite fear of distortion 
and its possible effects. The attitude was generally taken that a 
moderate exaggeration of vertical dimensions over the horizontal 
was to be condoned, but that the factor four or five represented a 
maximum limit. This made it possible to build models of the Elbe, 
Rhine, or any other European River with reasonable economy, but 
precluded experiments relating to our great American Rivers. It 
soon became evident that if river laboratories were to play an im­
portant role in the United States it would be necessary to apply dis­
tortions in excess of those approved by the Europeans. Fortunately, 
the results obtained were sufficient to convince even the most doubt­
ful of the skeptics; but, as such things go, there ensued a swing in 
the opposite direction, and with the passing of years there has been
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shown an increasing tendency to distort river and harbor models 
beyond logical limits. The height of optimism was reached recently 
when the model of a great river system was built in the hydraulic 
laboratory of an important technical university with an exaggera­
tion of 210 applied to the vertical scale.
In the last few years, models have become so fashionable that, 
in many cases, engineers have attempted to substitute testing for 
thinking. Now experimentation, especially as related to hydraulics, 
is a fine thing, but it should never be considered as more than an 
aid to the processes of thought. The model study should be regarded 
as a guide and indicator, not an integrator for all the odds and ends 
of data which can be poured into, it. Models cost money to build, 
and more to operate. They serve a valuable purpose not limited in 
scope, but are not cure-alls for every problem, nor should they be 
built on any kind of pretext. Quite recently there arose a problem 
for which a model study was desired. The project being hardly large 
enough to merit the name, it was decided that a very small sum 
should be stipulated for the cost of the experiment. In fact the sum 
was so small that it would have been better not to have undertaken 
the test at all. Failure to obtain results, in such a case, reflects 
unjustly on all other model tests.
In recent years we have seen model studies conducted in every 
branch of science and engineering. There have been models of riv­
ers and harbors, airplanes, ships, earth structures, frame struc­
tures, buildings, locomotives, machines of every kind, molecules, 
atoms, and electrons, until we have been led to believe that a well 
built model will provide the answer to any perplexing question.
In the field of hydraulics, models have been classified according 
to their beds, as fixed and movable; and according to their dimen­
sions, as distorted and undistorted. There is yet another classifi­
cation—-that as to purpose—which may be given as follows:
a. Illustrative models. These are of little scientific value, yet 
are used in every science for instructional purposes. They serve to 
acquaint the layman with engineering problems and their solutions, 
and are found abundantly in museums and college laboratories, and 
at expositions. Since they are designed and built for appearance 
rather than for test we may drop them from further consideration.
b. Specific models. These are the kind that are built and test­
ed to produce the answer to a particular problem, such as the de-
http://ir.uiowa.edu/uisie/20
sign of a spillway, the location of contraction works in a river, or 
of jetties at a harbor entrance. They are extremely valuable and 
pay big dividends in dollars and cents. The only trouble is that the 
data obtained from them are not as a rule sufficiently correlated 
with other similar data. Because they always represent a specific 
project and thus pay for themselves, they are frequently discarded 
and destroyed when they have served their immediate purpose. In 
the case of spillways, so many models have been built that, were all 
the facts and data to be brought together, principles of design might 
be evolved which would have a general application. In this way 
the cost of future tests might be greatly reduced.
c. General models. These are the rarest of all models because . 
they are not self-supporting; yet, paradoxically, they often yield the 
most valuable results. Their principal limitation lies in the fact that 
they are so often built and operated on insufficient funds that it be­
comes frequently necessary to stop short of attaining data adequate 
to establish or sustain a principle. In many cases the inaccuracies 
resulting from faulty equipment are so great as to invalidate the 
results. The experiments of Gilbert, Kramer, et al, relative to de­
termination of bed-load movements are among the most valuable that 
have been conducted, but so many efforts have been wasted by 
university students in conducting desultory tests of broad-crested 
weirs, whereby from one set of observations they have attempted to 
establish general laws, that tests of this nature have fallen into dis­
repute.
The most forward step recently undertaken in this country has 
been by the United States Waterways Experiment Station at Vicks­
burg, Mississippi, in establishing within its own organization the 
“ Hydraulics Research Center,”  designed to correlate, evaluate, and 
disseminate experimental data from many sources, both foreign and 
domestic. Our technical colleges can aid greatly in this work by 
assigning thesis subjects of limited scope, the results of which will 
dovetail with the results of other experiments. An effort must be 
made continually to keep the student from feeling that it is in­
cumbent upon him to make some “ startling new discovery” in the 
field of science. He should be impressed with the fact that he is 
but a small brick in the edifice of scientific achievement; that per­
fection is necessary on his part if he is to remain part of a per­
fect structure; but that no one unit is irreplaceable when we have
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such foundations and corner stones as Newton, Bernoulli, Chezy, 
Francis, Gaillard, et al, to build upon.
In no field of scientific or engineering endeavor does the theo­
retical touch so closely upon the practical as in the realm of hy­
draulics. In spite of this, so little is understood of the properties 
and propensities of water that it is all but impossible to state any 
explicit law controlling its action. We know its unit weight, of 
course, and also that pressure is distributed equally in all direc­
tions. We know, too, that its rate of flow is affected by resistance 
encountered in the channel or conduit which carries it, so we as­
sign a value to “ n ” of the equation which will give us the desired 
answer. Since “ n ” in a river includes the effects of roughness, 
snags, bends, overbank growth, etc., it is readily seen to be little 
more than an approximation of the truth. Yet, strangely enough, 
experience has been so great that computations can be made with 
reasonable sureness, especially if an opportunity exists to check 
them by the performance of a model. Once a model has been built 
and operated to reproduce conditions obtaining in the natural river, 
it is a relatively simple matter to determine the effects of proposed 
changes in its depth or alignment. Just so, it is also easy to cata­
logue the type and degree of applied roughness necessary to simu­
late natural conditions. By keeping records over a considerable pe­
riod and by tying all results together it should be possible eventually 
to arrive at index figures representative of all types of resistance 
found in natural flowing streams and rivers.
Another fertile field for research is in the determination of forces 
at work in the cross section of a river. Because spiral flow has been 
identified in pipes and in narrow, deep channels it has been assumed 
that the same phenomenon occurs in wide, relatively shallow riv­
ers, and that it is this which makes the bed material move over to 
and deposit upon the convex banks of bends. The results of many 
tests will be required to determine the full tru th  or fallacy of this 
contention, and many more will be needed before the effects of all 
existing forces can be evaluated and catalogued. What, for instance, 
causes bed materials to move across stream in the direction of de­
creasing velocities when helicoidal flow is definitely absent, and 
what factors determine the percentage of bed material and sus­
pended load that will be carried into the two arms of a branching 
channel? Numerous data have been accumulated in answer to the
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second part of this query, but only a few of the great many possible 
cases have been tested.
As now can be seen, this paper is, in effect, a plea for closer 
cooperation on the part of instructors of experimental hydraulics, 
embodying the expressed wish that they coordinate their assign­
ments to a common end. Students should be taught (in the humble 
opinion of this writer) not to make revolutionary discoveries, but 
to think, to evaluate, and to contribute each his part to the com­
prehensive plan of science. Too many are emerging from our pres­
ent-day schools with grandiose conceptions of directing and organ­
izing, but with little or no idea of how to approach a job meth­
odically in the capacity of a subordinate. It is rare indeed that we 
find a newly graduated engineer who can write intelligently and 
draw neatly. Even more seldom do we find one who can plot his 
data with accuracy and letter with perfection.
All this may seem a far cry from hydraulic research, but re­
search of any kind is the same in its requirements, which include: 
neatness, orderliness, impartiality, careful planning, a cold-blooded 
analysis of data, and a thorough knowledge and appreciation of the 
work of others who have preceded. When enough students have 
been so trained and have become sufficiently interested to probe 
for commonplace data there will be revealed an answer to the ques­
tion first propounded and oft discussed: “ What are the ultimate 
limits of distortion in hydraulic models?” Following this, an an­
swer will be obtained to the question: “ Can greater distortion be ap­
plied to models of small scale than to those of large 1 ’ ’ Then being 011 
the road to knowing what our models are all about we should be 
able to evaluate the roughness factor, improve our open-channel 
formulas, and learn something about the many complex and con­
flicting forces of flowing water.
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APPROACHES TO THE STUDY OP THE MECHANICS OF 
BED MOVEMENT
by
Lorenz G. Straub 
Professor of Hydraulics and Director 
St. Anthony Falls Hydraulic Laboratory 
University of Minnesota 
Minneapolis, Minnesota
I n t r o d u c t io n
Transportation of sediment along the beds of natural and artifi­
cial water courses, with the associated changes in conformation of the 
stream bed, has long been one of the most perplexing and yet fascinat­
ing types of occurrences confronting the hydraulic engineer. Proba­
bly in no field of hydraulics have there been more confusing and even 
diametrically opposite statements made in the course of the past sev­
eral decades. It is believed, however, that at the present time a num­
ber of focal points which will lead to sound fundamental analysis are 
being reached as a result of careful study of the scattered fragmen­
tary data regarding both field and laboratory observations.
Because of the many variables and great complexity of stream bed 
movement it is quite logical that pioneer efforts at analysis should be 
of a quite empirical nature. In time the many variables will be iso­
lated and evaluated as regards their individual influences upon the 
general phenomena of bed movement. The turbulent flow of homo­
geneous liquids in smooth circular pipes in itself has provided con­
siderable complexity of analysis. More recently, gratifying analyti­
cal approaches have been made to the general problem of fluid turbu­
lence, in particular as regards flow through pipes of idealized rough­
ness consisting of spherical, uniform-size grain projection; however 
even here there is still concern over the detailed treatment in case of 
roughness of types different from the idealized. The approach re­
mains empirical although rationalization is a rapid trend.
It is recognized that the individual influences making up the 
mechanics of bed movement must be carefully analyzed separately in
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order to obtain a comprehensive analysis of the various occurrences. 
Procedures involving dimensional analysis are to be recommended. 
Studies of this character have been outlined recently for sediment 
transportation at meetings of technical societies as well as at this con­
ference. The basic knowledge of the theory of turbulence, as presented 
by Prandtl, von Karman, Taylor, and others and verified in part by 
experimental studies, has been used as a basic framework and ex­
panded to encompass sediment movement. Possibly one of the out­
standing pioneer efforts in this direction is that of Shields1 in his dis­
cussion of the application of the principles of the mechanics of simili­
tude and turbulence research to bed-load movement.
Like most problems in the field of mechanics, in the case of bed­
load movement there are different approaches, all of which are essen­
tial to the complete analysis of the problem. The more rational studies 
are concerned with the detailed analysis of the internal mechanism 
of the physical occurrences. Another approach involves a bulk analy­
sis in which the internal mechanism is given less consideration. Al­
though the latter is usually considered more empirical, it ordinarily 
forms the basis for practical engineering application. To be sure, 
the entire mechanics of the problem is necessary for its clear inter­
pretation and understanding.
For further discussion here attention will be focused on various 
observations which emphasize important considerations in the study 
of bed movement from the practical point of view rather than on the 
detailed mathematical formulation of the physical conceptions.
Bed-load movement and suspended load, of course, are not abso­
lutely independent of each other. I t  should be pointed out, however, 
that one cannot generalize analytically regarding their mutual inter­
relationship. Here incidental reference will be made to suspended- 
sediment distribution in flowing water with a view of showing at least 
qualitatively the relation of the two modes of sediment movement.
C h a r a c t e r  o f  R iv e r  S e d i m e n t s
River bed sediments in general seem to be characterized by a domi­
nant intermediate size particle and diminishing quantities of particles 
at both sides in size of the dominating intermediate grade. Typical 
examples are given in Figs. 1 and 2. On the other hand the material 
carried in suspension by rivers seems to show a quite uniform grada­
tion from fine to very fine particles, ordinarily with no dominant size.
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A point of interest relative to the nature of bed material and sus­
pended material in most rivers is that the two seem to have little rela­
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tion to each other as regards mechanical composition, at least when 
the entire bulk is considered. Thus, some streams have beds com­
posed largely of coarse gravel while the normal suspended load of 
these streams consists of finely divided particles. A comparison of 
Fig. 3, showing the mechanical composition of suspended load in the 
Missouri River, with Fig. 1, showing the nature of the bed materials, 
is a typical illustration of this statement. I t  is to be pointed out in
this connection that the curve indicated by classification “ b ” (Fig. 1) 
is made up largely of the analyses of samples taken from slack water 
areas where suspended material would deposit. This material has a 
mechanical composition corresponding closely to that of the suspended 
load.
Reference is again made to Fig. 2, showing typical sediment speci­
mens taken from the lower Missouri River. Most specimens gathered 
from the stream bed are of the well-sorted type, as indicated by speci­
men serial nos. 1391, 1402, 1353, and 1363, which is a type to be ex­
pected where the scouring capacity of the stream has remained con­
stant for a prolonged period of time. They are characterized by a 
preponderance of a single grade of material. Such specimens are
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found primarily in smooth stretches of channel subject to normal 
velocities. A further type, also illustrated in Fig. 2 and referred to 
as “ channel silt,” includes finely divided sediments which probably 
have been deposited at least partly from a state of suspension. This 
type is also indicated by the “ b ” classification shown in Fig. 1. It 
occurs primarily downstream of sand bars which project above the 
water surface. Specimens 1382 and 1383 (Fig. 2) are samples which 
fall into this group. The mechanical composition of these sediments 
resembles the mechanical composition of the suspended sediment ex­
cept that the deposits usually contain less of the finely divided ma­
terial (very fine silt and clay) than is found in sediment taken direct­
ly from the river water. The averages of analyses of typical suspended 
sediments are indicated by the three histograms in the upper right- 
hand portion of Fig. 2 and also by curves in Fig. 3. The percentage 
of coarser silts in suspension tends to be greater in the winter than 
during the spring and summer months, doubtless in part because of 
the difference in viscosity of the water and therefore slower rate of 
sedimentation, which in turn results in greater carrying capacity for a 
given degree of turbulence of the river.
S o r t in g  o p  B ed  S e d i m e n t s
In a natural waterway, particularly a river which is strongly 
serpentined, there is a noticeable tendency for sorting of the bed ma­
terials. This is illustrated by Fig. 1, which shows the wide variety 
of grades obtained in a reconnaisance of some 400 miles of the Mis­
souri River. In straight stretches of river there is a marked tendency 
toward uniformity in grade as illustrated by specimens 1391, 1402, 
1353, and 1363 in Fig. 2. It is also indicated particularly by classi­
fications “ d ” and “ e ” in Fig. 1.
In making experiments to determine transportability of sedi­
ments by means of the usual laboratory procedure with arbitrarily 
chosen mechanical compositions of the sediment, great care must be 
exercised to avoid complications arising as a result of sorting. I t  is 
possible that much of the inconsistency of data obtained in laboratory 
studies is the result of this situation. The situation is illustrated by 
Figs. 4 and 5. Fig. 4 shows the results of a study with sediment of a 
fairly uniform size and an average diameter of 4 mm. In this case 
the sedimentary material was added uniformly at the upstream end 
of the flume; the rate of feeding was slightly greater than for an
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equilibrium condition of the initial slope, the slope, therefore, grad­
ually increasing by the process of aggradation. At the end of the run 
specimens were gathered from the stream bed at distances of 2, 4, 8, 
12, 16, 20 and 24 feet measured from the initial point at which the 
sediment was fed into the channel. It is interesting in this case that 
(contrary to the usual conception) the coarser material is being trans­
ported more rapidly than the finer, the latter being predominantly 
present near the headwater end of the flume. A surprisingly uniform 
gradation took place from one end of the flume to the other, despite 
the fact that the original form was of quite uniform size particles. It
will be noted also that the tendency was to produce a sediment of more 
predominant intermediate grade as the sediment moved downstream. 
This corresponds to observations in actual rivers as illustrated by Figs. 
1 and 2.
Similar occurrences have been observed in laboratory studies with 
material of finer mechanical composition. Depending upon the flow 
conditions and type of material, segregation upon deposition may take 
place either from fine to coarse (from one end of the channel to the 
other) or the reverse. Much additional study is required both in field 
and laboratory before any definite conclusions can be drawn as to the 
laws governing this occurrence.
In laboratory studies the maintenance of uniformity of mechani­
cal composition throughout the channel can probably best be accom­
plished by avoiding aggradation in the course of the experiment.
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Preferably, a slight amount of degradation should take place so that 
little of the material added at the headwater end is deposited in trav­
eling through the flume. With a control of this character much great­
er consistency in the result has been obtained. Fig. 5 indicates the 
uniformity in mechanical composition of a typical river sediment 
when this control (slight amount of degradation) was followed. The 
specimens were gathered from the surface of the bed to a depth not 
exceeding y± in°h in a manner similar to that involving the results 
presented in Fig. 4. Even here a close examination of the surface of
F i g . 5.
the bed revealed a slight amount of sorting, though very much local­
ized; there is evidence of different mechanical composition of the ma­
terial in the crest and valley of the sand riffles.
The sorting of bed sediments is quite complex, not being confined 
to the separation into different particles over large areas, but also 
over quite small areas and even in the vertical. For example, a close 
analysis of the distribution of size of particles over a small ripple only 
a few inches long indicates segregation which is quite noticeable. 
Moreover, it will be observed in many cases that the material varies 
in size with elevation within, the traveling stratum for a given rate of 
movement by stream traction. Careful observations and mechanical 
analyses of this situation made at the University of Minnesota for a 
given sediment indicate a quite systematic variation in mechanical 
composition from top to bottom of the transported layer. In fact, by 
systematic progress of an experiment it was possible to determine quite
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accurately the thickness of the moving layer. The difference in mean 
size of particle from top to bottom of the moving layer was found to 
approach 100 per cent variation in ease of natural river sands, the 
coarsest in this instance being near the surface and the finest at the 
line of separation between the moving layer and that undisturbed.
A n a l y s i s  o f  R iv e r  B e d  C h a n g e s
A number of fundamental principles which relate primarily to 
bulk flow conditions and bed-load movement make possible the estima­
tion of variations in the stream bed for changes in flow conditions. A 
movable-bed channel in contrast to a rigid-bed channel tends toward 
a condition of equilibrium within itself which is dependent upon bed 
load for different conditions of flow. In the case of a fixed bed, varia­
tions in cross-section along the stream length are reflected by variations 
in elevation! of the water surface. In  the case of movable-bed streams 
these changes are reflected in the change in shape of the stream bottom 
as well as in the water surface. Disregarding tributary inflow for the 
moment, the river channel for a given discharge approaches an equi­
librium condition in which the flow past various sections remains con­
stant and also the sediment load remains constant.
An approach to the analysis of such equilibrium conditions for a 
river requires a formulation of a law defining approximately the rate 
of bed-load movement for various cross-sections. For straight stretches 
of river it is believed that some degree of success has been achieved in 
this regard at least in determining the proper order of magnitude of 
this load or the relative quantity for different types of sands ordinari­
ly encountered. The procedure is based upon the general acceptance 
of the du Boys relation when supplied with suitable transportation 
characteristics for the particular sediment concerned, and the adoption 
of a suitable open-channel flow formula to define the water discharge. 
Experience has shown that the Manning formula gives satisfactory re­
sults over a quite wide range of flow conditions with and also without 
bed-load movement. Various forms of equation have been set up by 
accepting these two more or less empirical relations. Both of the re­
lations have been verified over quite a wide range of conditions and to 
this extent at least should be acceptable.
The following forms of the relation have proved useful in study­
ing the effect of artificial structures upon the regimen of rivers and 
have been checked in a number of different ways by comparison with
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actual river investigations and by laboratory experiments. These have 
been derived by the writer with the aid of the foregoing considerations 
and are here presented without algebraic proof. For the idealized 
case of a rectangular channel of infinite breadth (side effects negligi­
ble) the relation takes the form
G - * j y v * ]  q u [ q , , - q ! >]  (d
where G is the quantity of sediment transported along the stream bed 
in pounds per unit width of channel, Q is the actual water discharge 
per unit width of channel, Q0 is the discharge per unit width of chan­
nel (for a slope S) at which sediment transportation begins, C is the 
coefficient in an open-channel flow formula of the form v =  C R 2/3 S1^ 2. 
and SV is the “ sediment characteristic,”  an experimental coefficient 
depending upon the size, specific gravity, and mechanical composition 
of the sediment.
The foregoing equation may be written in a number of other forms 
for use in the solution of practical problems. The equation is of gen­
eral applicability but requires the experimental determination of the 
parameters V, C, and Q0. The values of Sir and Q„ depend upon the 
mechanical composition (variation in size of grains as determined by 
sieve analysis or elutriation), specific gravity, and form of the sedi­
ment particles; while C depends upon the character of the sediment 
and also the rugosities of the channel itself independent of the rough­
ness due solely to the mechanical composition of the sediment.
The theory has been expanded mathematically to explain the 
equilibrium conditions for channel-contraction works. The principle 
involved includes the considerations explained in the foregoing and, 
in addition, the fact that the sediment transported through the con­
tracted section of the stream, as well as the water discharge, must be 
the same as through the uncontracted section. Contracting the stream 
results in greater power for erosion in the beginning but finally a state 
of equilibrium must be reached in which there occur both a change 
in slope and change in depth of stream. Algebraically the depth in the 
contracted section in terms of the flow conditions in the uncontracted 
section may be expressed as follows for the case of a rectangular 
channel:
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d\
(2)
where d2 =  the water depth at the stretch of channel which has been 
contracted; d ,= th e  water depth before contraction (or the depth up- 
stream and downstream of the contracted region) ; r0 =  the transport­
ing force (tangential force of the water against the stream bed per 
unit area of bed) at which sediment transportation begins 
( r0 =  w d S ) ; S1 =  the natural slope of the hydraulic gradient of the 
stream in the uncontracted part; a =  the amount of contraction, that is, 
B 2=  ( l  — a )B u B 2 and B 1 being the breadths of the channel, respec­
tively, at the contracted and normal sections.
It is of interest to compare equation (2) with the results of studies 
recently presented by W. M. Griffith2 for a special case. Griffith from 
an entirely empirical approach (based upon extensive field observa­
tions) arrived at the equation
which indicates the relation of depth at the constricted section to 
depth at the normal section, B 2 and B 1 being corresponding breadths.
In the way of comparison, again considering equation (2), if the 
critical tractive force r0 mathematically approaches zero or is negligi­
ble compared to the tractive force and therefore velocity which actual­
ly exists in the channel, the equation reduces to
which when taking into account the relation B.,= (1—a)# ! can be writ­
ten as
(3)
(4)
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which agrees almost exactly with Griffith’s equation (3). A further 
equation paralleling (1) for the case of constant discharge can be 
written in the form
( ?  =  *  Q i n  0 - 4  „ 7 / 3  [ t , 7 / 3 - ^ 7 / 3 ]  ( 7 )
In  the case of readily transported sediment the critical transport­
ing force, that is, the traction force at which movement of the bed 
sediment begins, is very small; consequently, for appreciable velocity 
of flow the stream, v„ approaches zero, at least as compared to the 
value of v. This would be the case of relatively steep slopes or flue 
detritus. Thus,
G = K i v u'13 (.8) 
vo 0
where
K x =  ^ Q - 2/3C-4 (9 )
As regards the non-silting, non-eroding condition, that is, for the 
condition of a stable channel, it is important to recognize that both 
the sedimentary load and the water discharge respectively passing 
various sections in a continuous channel must be constant. The writer 
desires to emphasize at this point of the discussion that it is the bed 
load which certainly must be of primary importance in defining the 
stability of a channel in contrast to the frequently expressed concep­
tion that it is the suspended load. Of course, in the case of some 
streams the concentration of the coarser constituents of suspended 
load in the stream is likely to have some relation to the amount of bed 
load being moved. Inasmuch as the suspended material, for the most 
part, continues as such throughout its course, it is quite important to 
recognize that the bed sediment in a stream, having a loose granular 
material forming its bed, is most sensitive to sedimentation and ero­
sion by changes in velocity. Therefore, the foregoing analysis which 
lias been developed for bed-sediment transportation apparently might 
be used in a special form for determining the non-silting, non-eroding 
velocity for a given set of conditions. For a comparatively finely 
divided sediment the critical transporting force, and hence the critical 
velocity v0, approaches zero. Furthermore, if neither silting nor ero­
sion is to take place in a canal system, the amount of sediment trans­
ported per unit volume of water must be the same at all sections of
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the canal. Therefore, the ratio of the amount of sediment carried to 
the water discharge must be constant, or, expressed in symbols
= (a constant) (10)
V
With these considerations in mind, the foregoing equation may be re­
written, as a special case, as follows:
* = * - qs^ 14/3 (H )
Since the discharge per unit width of channel is Q =  v d,
K =  ^ r------ ------ v lt/a (12)
v9/s_ k c w °
•vfr
from which
and
.1/804/8
f =  ^  (14)
v =  cd°-S6 (15)
Again this equation resembles the equation obtained by a purely em­
pirical approach by Kennedy and others. More recently, a form based 
upon experimental studies was determined to be as follows by Griffith,2
v =  cd°-57 (16)
The writer’s formula (15) has the advantage in that the value c can 
be computed from a number of parameters defining the sedimentary 
and hydraulic characteristics of the stream. The value of c computed 
by equation (16) gives values which for usual conditions correspond 
quite well to those found by a number of investigators in the study 
of the canals of India. It is to be noted that the value of c is a func­
tion of the sediment transportation characteristic, the sediment load, 
the water discharge, and the roughness of the channel. The “ con­
stant” c in the special equation here presented is thus seen to vary 
with the sedimentary and hydraulic characteristics of the channel. It
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would appear, therefore, that if c is taken as a constant, the formula 
is applicable only to a very special combination of circumstances. This 
is probably the reason for some embarrassment which some investiga­
tors have experienced in applying the Kennedy formula and similar 
relations of this form. Kennedy realized this himself, although his 
formula was derived purely empirically, for he says, “ Strictly speak­
ing, a separate value of v0 should obtain at each season of the year, 
and for each class of sand carried in each reach of a canal. ’ ’
According to equation (14) the value of c varies as the 4/3 power 
of the discharge coefficient C, but is affected merely as the cube root 
of K  and inversely as the cube root of • hence, considerable variation 
may take place in both K  and 'fr without materially changing the value 
of c. However, a relatively small variation in the coefficient C will have 
noticeable influence upon the value of c in the stable-channel formula. 
Thus, there is comparatively little variation in c despite the large varia­
tions which might occur in ^  and K  for different channels.
In  special cases where the equilibrium conditions are greatly dif­
ferent from those corresponding to the channels on which the Kennedy 
formula was based, the value of c can be expected to deviate consid­
erably from unity. Thus, for quite coarse bed materials and relatively 
steep slopes, values of c have been determined by the writer amounting 
to several times the value usually found applicable to irrigation canals.
C h a n n e l  C o n t r a c t io n  W o r k s
In order to show the applicability of the writer’s theory, here pre­
sented in abstract, reference is made to Figs. 6 and 7. Fig. 6 repre­
sents the results of a study to determine the transportation charac­
teristics of a particular type of sand gathered from the natural river 
channel of one of the Mississippi River tributaries. The mechanical 
composition is indicated in the lower right-hand corner of this figure. 
From laboratory study and analysis of the data, the following charac­
teristics were found: ^  =  100,000 and r0 = 0.010. Fig. 7 shows the re­
sults of experimental observations upon the situation for a contracted 
channel. The amount of contraction was 30 per cent, that is a =  0.30 
in equation (2). The sand was originally placed in the channel at 
a definite slope and a definite rate of flow passed through the channel 
for a period of time sufficiently long to allow equilibrium to set in, 
that is, stability against erosion (not absence of sediment transporta­
tion). Sediment was added continually to the headwater end of the
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flume to replace that transported through the channel in order to 
maintain the equilibrium. The figure shows the results of measure­
ments for two typical runs. Superimposed are the computed values of
http://ir.uiowa.edu/uisie/20
the condition by the proposed theory using the parameters "Jr and t 0 , 
which had been determined previously by other experiments (shown 
by Fig. 6).
Other similar studies have been made both on actual rivers and in 
the laboratory with a view to verifying the general applicability of 
the proposed theory with quite good results. Space does not permit 
further detailed discussion relative to these special cases.
C o n c l u s i o n
In conclusion it might well be pointed out that while much re­
mains to be accomplished in the clarification of the mechanics of sedi­
ment movement, particularly with reference to the internal mechan­
ism of this process as related to turbulence, a few fundamental con­
cepts will provide material aid in the solution of many river-hydraulics 
problems. The laboratory can be of material aid, not merely by the 
use of models, but also by the detailed study of actual sediments on 
a fairly large scale, in order to obtain a clear concept of their trans­
portability. In  any case, at present, close correlative studies of 
natural conditions in the river are indispensable if gross errors in 
analysis are not to be made.
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SUSPENDED-LOAD CONTROL AND THE PROBLEM
OF CHANNEL STABILIZATION 
by
E. W. Lane, Professor of Hydraulic Engineering, and 
Associate Director in charge of the Laboratory,
Institute of Hydraulic Research 
State University of Iowa 
Iowa City, Iowa
The purpose of this paper is to present the factors which con­
trol the load of sediment which is carried in suspension by streams 
of flowing water and the application of the laws governing these 
factors to the stability of water-conveying channels. Within the 
time available it is not possible to go into the mathematical and 
quantitative relations; all that can be accomplished is to present a 
word picture of the actions and relations involved.
There have been a number of ideas of how solid material is 
carried in suspension in flowing water, but it is now quite generally 
agreed that it is carried because of turbulence. There is no widely 
accepted definition of turbulence, but for the purpose of this paper, it 
may be said that water is turbulent when at a given point the flow 
changes rapidly and erratically both in velocity and direction. Solid 
particles in suspension are kept in suspension by currents having an 
upward component, where the upward component is sufficiently 
large to overcome the force of gravity. Particles of solid matter 
of greater than colloidal sizes in a stream tend to settle to the 
bottom, the rate of settlement being greater for those of larger size 
or greater specific gravity. If  these particles are moving in a 
stream in which the water is in a turbulent condition, they are con­
tinually meeting with currents which flow upward or downward or 
from side to side, but always with a component in the general down­
stream direction. When they encounter a current whose upward 
component of velocity is greater than their settling rate, they move 
upward, and if they meet such currents with sufficient frequency, 
they will stay in suspension a long time without reaching the bottom.
193
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When these particles meet with currents having' a downward com­
ponent of velocity they of course move downward at a rate greater 
than this component by an amount equal to their settling rate. When 
they meet with upward velocities having smaller components than 
their settling rate they move downward at a rate equal to the excess 
of their settling velocity over the upward component of the fluc­
tuating velocity. This analysis neglects the inertia effects of the 
particles which tend to keep them moving in the direction in which 
they start, but since these inertia effects are small and tend to pre­
vent particles both from speeding up and slowing down, they tend 
to balance each other and may be neglected.
The amount of water moving upward in a stream must equal 
the amount of water moving downward, or in other words, the 
upward velocity components must equal the downward ones on an 
average. If  this were not so, part of the water moving upward from 
the bottom of the stream would not be replaced by water moving 
downward and a void space in the water would occur. Since a 
particle in suspension is as likely to meet a downward current as an 
upward one and since in addition all of the particles tend to move 
downward continuously because of their own weight, at first glance 
it would appear that it would be impossible for material to be 
carried in suspension. It has long been known, however, that in the 
lower part of a stream there is more sediment being carried per unit 
of volume of water than is carried in the upper part of the stream 
Pig. 1, for example, shows the results of measurements made by Dr. 
Straub on the material being carried in suspension in the Missouri 
River. Dr. Straub found that very fine material was carried in near­
ly equal amounts near the surface and near the bottom of the river, 
but that coarser material was carried in larger quantities near the 
bottom, the excess in quantity near the bottom over that at the top 
increasing with the increase in particle size. The total silt concen­
tration, being a composite of various sizes, would also show a greater 
concentration near the bottom than at the top. Since this is true, 
currents of water moving upward come from regions of higher con­
centration than currents moving downward. Since the upward and 
downward currents are equal, the upward currents would carry up­
ward more material than the downward currents would carry down­
ward. Thus, we find in a stream carrying sediment in suspension 
there are particles moving upward due to the upward currents, 
fewer particles moving downward due to the downward currents,
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a * * ■ » J Î ï Ï* * * _% -Ti -’a -is -13 -IJ; e ~o o p e ? 8 r
.. -» 4 -M -IS -1? -u •
m i m1§1 m A l 11§ w A I 1i ÉIi V. i i
k
M
I
PIi i
A
Ü
if
i
»
vy// m
1
s
..||
ir
!
»
%H
1m1
1
1i
i$
$
.
4
1
11
-
1%
P1A.
1
t
,
1
Af
'
p.3!
fc
:
1
1
¡g
.1
r
' 1 3  4  5  0 !  2  3  0  I  2  3  4  0  /  2 3  0  
SUSPENDED SEDIMENT IN 100 PARTS PER MILLION BY WCISHT
F i g . 1.
and all of the particles tending’ to move downward due to the excess 
of their specific gravity over that of water.
Since the particles of greater than colloidal size are continually 
settling down, sooner or later in flowing down a channel they reach 
the bottom. If the channel was long enough, therefore, and no par­
ticles were picked up from the bottom, all of the non-colloidal par­
ticles would settle out. Usually this does not happen, however, for 
the fluctuating velocities not only raise material already in sus­
pension but also pick material up off the bottom. Frequently eddies 
or boils are set up in a stream which carry the bed material up into 
the flowing stream. If the bottom is composed of granular material, 
without cohesion, comparatively small currents are usually suffi­
cient to raise up the bed material. The general picture of sediment 
being carried in suspension in a stream is therefore that of sediment 
being picked up from the bottom by turbulent currents and carried 
forward by the forward components of the currents, finally settling 
back again to the stream bed. While they are in suspension the 
particles are continually settling downward with respect to the 
water surrounding them, but this water may be moving upward or 
downward. If moving upward at a greater velocity than the par­
ticle settles the particle moves upward, and although the quantity of 
water moving upward is no greater than that moving downward, it 
tends to move upward more sediment, since upward-moving water
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comes from a region of higher sediment concentration. In spite of the 
settling of the sediment particles it is thus possible to have water 
flow an infinite distance and still contain as much sediment in sus­
pension as it contained at the start. From one standpoint such a 
channel could be said to be stable.
A stream channel may be said to be completely stable if it does 
not change its general position or the size or shape of its cross sec­
tion. A great deal more research will be necessary before the prob­
lem of stable channels is adequately understood, for it is a very 
complex one. In this paper it will not be practicable to go into all 
phases of the stable channel problem, and only one will therefore be 
considered, that of the size of cross section. If in a given section of 
channel more material is carried out by the water than is carried 
into it, the average cross section of the channel must increase, and 
if more material is carried in than is carried out, the average size 
must decrease. A channel, which does not overflow its banks, will 
not increase or decrease its average cross section if the material 
carried out at the lower end is equal to that carried in at the upper 
end. This is independent of the process by which the material is 
transported; it may be carried in suspension, as bed load, or in any 
other manner. In this paper however we will limit our considera­
tion to the transportation of material in suspension. From the stand­
point of transportation in suspension, if more material is picked up 
from the bottom of a section of a channel than is deposited on the 
bottom, there will be more material passing out of the section in sus­
pension than is coming into it, and therefore the average section is 
enlarging. If  more material is being deposited on the bottom than 
is being picked up, the channel will be filling. To be stable from the 
standpoint of suspension, therefore, the amount of material picked 
up from the bed must be equal to that which is being deposited.
In working out the science of the transportation of material in 
suspension it is necessary to consider the simplest case first. If  the 
relations cannot be solved for the simplest case, there is no hope of 
solving complex ones. In trying to work out the laws of sediment 
transportation, therefore, Mr. Kalinske and I have been studying the 
simplest case, which is that of a channel with level bottom of infinite 
width, in which steady, uniform flow occurs, the bed throughout 
being composed of fine non-cohesive material of uniform composi­
tion, the slope and discharge being such that the material picked 
up from the bed is equal to that which is deposited upon it. In such
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a channel experience has shown that the curve of vertical velocities 
would have a shape as shown in Fig. 2. Whether or not this curve 
would turn back at the top is a disputed question, but since such 
a shape involves difficulties which we are not at present able to 
handle, we have assumed that it does not turn  back, but comes up at 
right angles to the surface. As had been previously stated, the dis­
tribution of sediment of the different sizes is different, that of the 
finer sizes being fairly uniform from top to bottom and of the coarser 
sizes being much more heavily concentrated near the bottom. A 
mathematical equation of these distribution curves was first worked 
out by O’Brien1 following the solution of Schmidt for turbulence in 
the atmosphere. That silt is actually distributed according to these 
relations was proved by Christiansen2 and Richardson3 who studied
the results of actual observations.
O ’Brien’s solution shows that 
the distribution of sediment of any 
size follows a logarithmic law which 
is a function of a settling rate of 
particles of that size, the shape of 
the vertical velocity curve, and the 
shear or tractive force at the stream 
bottom. With this equation it 
is possible to predict the concen­
tration of sediment of any given 
size at any point in the verti­
cal, if the concentration of that 
size at some other point in that vertical is known. Unless the 
concentration at some other point is known, this relation cannot be 
used in a practical way.
It seemed to Mr. Kalinske and me that it should be possible 
to find a relation by which it would be possible to determine the 
concentration and size composition of material just above the bot­
tom of the stream. We concluded that there should be a relation be­
tween three factors at this point; (a) the shear or tractive force 
at the bottom, (b) the composition of the bed material, and (c) the 
concentration of the various sizes of suspended material just above 
the bottom. Let us study this relation a little more carefully by 
considering the action which goes on at the bottom of a stream.
Consider first the composition of the bed material. Most engi­
neers are familiar with the meehanical-analysis chart such as that
F i g . 2.
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shown in Fig. 3a. Such a chart shows the percentage of particles 
with diameters greater than any specified size. Since the relation 
of the size of particles to the settling rate is known with reasonable 
accuracy it is possible to convert such a curve to one showing the 
percentage of sizes having various settling rates such as that in Fig. 
3b. This curve, for example, shows that more than fifty per cent 
of the material would have a settling rate greater than 6 cm. per sec.
When a turbulent current with an upward component of a cer-
DIAMETER IN MM SETTLING RATE IN CM. PER SEC.
( a )  ( b )
F i g . 3.
tain amount contacts the bottom, it carries upward the particles 
which have a settling rate less than its upward component. For 
example, upward components of 8 cm. per sec. carry up about 80 
per cent of the material shown by the curve in Fig. 3.
The amount of the material which would be carried up by such 
currents depends upon the percentage of time various upward ve­
locities occur. No satisfactory apparatus has yet been devised to 
measure these upward currents. However, measurements of hori­
zontal variation of currents have been made. They show that the 
horizontal component of a current varies in a stream according to 
the normal error law. For example, Fig. 4 shows a variation of ve­
locities at a given point in the Mississippi River and Fig. 5 shows
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how these agree in distribution with the normal error law. We can 
represent the normal error law in the more familiar form of the dis­
tribution diagram, as shown in Pig. 6. For example, this diagram 
indicates that 25 per cent of the time the velocity would exceed 3.3 
ft. per sec. Fifty per cent of the time it would exceed 3.75 ft. per 
sec., the mean velocity, and of course fifty per cent of the time it would 
be less than the mean velocitv. Ex- l
periments have shown that the up­
ward components of flow vary in 
proportion to the horizontal fluc­
tuations and also follow the nor­
mal error law, half the time being
VELOCITY IN FT. PER SEC.
F i g . 6.
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upward and half downward. There is a great deal yet unknown re­
garding the action of the water near the bottom of the stream but 
it is known that the intensity of these variations in velocity is pro­
portional to the shear or tractive force which exists at that point.
Having the concentration of any size of material just above the 
bottom, the shape of the vertical velocity curve and the shear at the 
bottom, it is possible from the relation worked out by O’Brien to de­
termine the distribution of this size of material throughout the verti-
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cal. By combining this distribution with the discharge at the various 
elevations above the bottom as shown by the vertical velocity curve 
the total discharge of that size of material can be found, and by add­
ing the discharge of the various sizes together the total silt carried 
by the stream can be computed.
It  is not possible in the time available to go into detail regard­
ing the exact mathematical relations which have been worked out. 
A statement of them in mathematical form was presented by Mr. 
Kalinske and me to the American Geophysical Union meeting this
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spring and will be published in their proceedings. We hope in the 
near future to work up a longer paper giving these points in more 
detail and written in a form readily understandable to engineers as 
well as to scientists. The agreement which has been found between 
these relations and the available observed results is shown in Fig. 
7. This is a logarithmic diagram and although there is considerable 
spread of points, considering the nature of the data it is believed 
that the plotting shows that the agreement between theory and fact 
is quite satisfactory. Except in a few instances, the data were not 
complete and the missing parts had to be applied in a roundabout 
manner. The discharges ranged from a few hundred second feet to 
nearly two million second feet, the data used being that taken in 
small canals and in the Missississipi River at flood stage. The sizes 
of material varied over a considerable range. There is no assurance 
that in any one of the conditions observed the stream was actually 
in equilibrium which probably accounts for a large part of the spread 
of the observed points.
A great deal more study is necessary in this field in order to 
work out more exactly the relations indicated by this curve. The re­
sults, however, indicate that progress is being made toward a reason­
ably accurate quantitative solution of the simplest cases of suspended 
load, and that in the near future reasonably accurate engineering solu­
tions will be found for problems of this type.
R efer e n c es
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(2) Trans., American Geophysical Union, Part II, 1935, p. 478.
(3) Proceedings of Royal Society of London. Vol. 162, 1937, p. 583.
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BACKWATER CURVES IN THEORY AND PRACTICE
by
C. J. Posey, Assistant Professor of Mechanics and Civil Engineering 
and Associate Engineer, Iowa Institute of Hydraulic Research 
State University of Iowa
I ntroduction
Development of the theory of backwater curves has proceeded at 
an increasing rate since its inception about a hundred years ago. 
Until the beginning of the twentieth century, few engineers in this 
country even knew of the existence of backwater curves. In the 
present stage of the development of our national resources, how­
ever, a knowledge of the subject has become a necessary part of the 
engineer’s equipment.
If one examines the literature of backwater curves, one finds a 
wide diversity in the type of treatment. Indeed, there might be said 
to be two or more schools of thought, each using different nomen­
clature and methods of computation. For example, the title of this 
paper includes the term “ backwater curves” which is intended to 
refer generically to the various possible longitudinal water-surface 
curves of steady, gradually-varied flow in open channels. To many 
engineers, however, the term “ backwater curves” refers to a certain 
type of longitudinal water-surface curve of steady non-uniform flow 
which occurs where a stream having a mild slope flows into a lake or 
pool. If we do agree upon the name of our curve we may still differ 
as to the method to be used for computing its shape. The present 
paper is not intended to heighten the conflict over these matters, but 
rather to assist in reconciling the different viewpoints by pointing 
out the advantages of each line of attack on the various problems 
which may arise.
Criteria  of F low
A necessary preliminary to a general knowledge of backwater 
curves is a good understanding of the criteria which give rise to the 
different cases. The first of these criteria is the normal, or neutral,
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depth. For a given channel shape, roughness, slope, and discharge, 
there is a depth at which the water will flow with its surface parallel 
to the bottom. (It is assumed that the slope is not so great as to give 
rise to flow in a series of traveling waves.) Actually, uniform flow 
at normal depth is only possible in a prismatic channel, but at every 
section in a non-uniform channel there is an imaginary normal depth 
at which the given quantity would flow if the section remained con­
stant and the grade continued uniform for a sufficient distance. For 
uniform flow at the normal depth, the slope of the water surface is 
just sufficient to overcome friction.
The other criterion of importance is Belanger’s critical depth. 
The depth is critical when the total head is a minimum for the given 
discharge and channel shape. An equivalent definition which is more 
convenient for computation is that the flow is critical when the ve­
locity head is one-half the average depth. If the depth is less than 
the critical depth, the flow is said to be rapid. The velocity is super­
critical, and downstream conditions are unable to affect the flow for 
any appreciable distance upstream. At the crest of a broad-crested 
weir, the flow passes through the critical depth as the water acceler­
ates to super-critical velocity. Raising the tailwater level has no 
appreciable effect on the discharge over the weir until the sub­
mergence reaches the level where the flow is critical. This is not true 
of a sharp-crested weir or of a flat-crested weir not sufficiently broad 
to hold the jet in a fixed position.
If the depth is greater than critical, the flow is said to be tran ­
quil. The velocity is sub-critical, surface waves are able to travel 
upstream, and downstream conditions do affect the flow.
Classification  of B ac k w a te r  C urves
In channels with bottom sloping downward in the direction of 
flow, eight markedly different surface curves may form, in addition 
to the special case of uniform flow at normal depth. The shape of 
the curve which will form in any given case will depend upon 
whether the normal depth is less than, equal to, or greater than the 
critical depth, and upon upstream or downstream conditions. If the 
channel bottom is level, or rises in the direction of flow, there is no 
normal depth, and the critical depth alone serves to distinguish four 
additional cases.
The twelve possible cases were first classified and described by 
Professor S. M. Woodward.1 They are shown in Fig. 1, with the
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F i g . 1 .— B a c k w a t e r  C u r v e s — L o n g i t u d i n a l  P r o f i l e s  o f  G r a d u a l l y - V a r i e d  S t e a d y  
F l o w  i n  O p e n  C h a n n e l s . F l o w  i s  f r o m  l e f t  t o  r i g h t .  V e r t i c a l  s c a l e s  a r e  
g r e a t l y  d i s t o r t e d .
letters he assigned and the scheme later introduced by Professor Bakh- 
meteff2 and completed by Professor Rouse.3 The Case A, or il/j curve 
is the one commonly known as the backwater curve, and the Case B, or 
M2 curve is the one commonly known as the drop-down curve. Cases
C, F, H, J, and L occur where water flows out from under a gate. Of 
these, only Case F  can continue indefinitely to the right. The others 
must terminate in a hydraulic jump, or the channel bottom must be­
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come steep before the end of the curve is reached. Case E forms on 
a steep grade when the depth is critical at the upper end. Thus it may 
follow a Case B curve at a change of grade, or a Case I or K curve at 
a crest. Case D follows the hydraulic jump which forms when rapid 
flow plunges into a pool. Case G is the limiting case between Cases A 
and D. The dotted portions of the curves in Fig. 1 indicate the parts 
of the curves that cannot be regarded as accurately representing the 
physical phenomenon. At these points the effect of vertical accelera­
tions, ignored in computing the shape of the backwater curves, be­
comes a factor of importance.
Cases A, B, and C predominate in the hydraulic problems encoun­
tered in flat country, where normal channel flow is almost always tran­
quil. Cases D, E, and F  occur where slopes are steep, and Cases G to 
L occur most frequently in tidewater streams and channels. A knowl­
edge of the different cases facilitates the analysis of problems in open- 
channel flow. It is not difficult to remember them. The curves are 
all asymptotic to the normal depth and tend to cross the critical depth 
vertically. The curves that approach the bottom intersect it at a 
definite angle, and are not asymptotic. It should be noticed that 
when the depth of flow is less than critical, upstream conditions de­
termine the location of the backwater curve. When the depth of 
flow is greater than critical, downstream conditions determine its 
location.
U nifo rm  Ch a n n e l s
The classic integration method of Bresse,4 with its use of the 
Chezy formula for friction loss and its assumption of a rectangular 
cross-section with vertical frictionless sidewalls, is now outmoded. 
Yet it is convenient when a quick approximate answer is needed, or 
when the data available are not sufficiently complete to justify the 
use of a more accurate method. Tables of Bresse’s function are in­
cluded in several standard textbooks on hydraulics. N.Y.A. students 
at the Hydraulic Institute have computed a new table, prints of 
which may be obtained at nominal cost by writing to the author.
With the method developed by Professor Bakhmeteff,5 friction 
may be evaluated by either the Manning or Kutter formulas. The 
channel shape is taken into account by means of an empirical expo­
nential approximation. The integration is not complete, however, 
in that the effect of variation of velocity head must be considered
http://ir.uiowa.edu/uisie/20
separately. This is not a serious disadvantage when the depth is 
quite a bit greater than the critical. The effect of variation of ve­
locity head is usually insignificant for the common M1 curve, as the 
velocity head itself is comparatively small. Moreover, the tendency 
of divergent flow to be turbulent justifies, to some extent, neglect of 
the regain of velocity head in this case. In practice, it is best to omit 
or include velocity head changes according to whichever will give 
the safest result for the problem at hand.
The method presented by Nagaho Mononobe6 is a complete inte­
gration method, in which velocity-head changes are taken into ac­
count and friction is evaluated by means of the Manning formula. 
Unfortunately, however, his charts are difficult to use, and until ac­
curate tables of his function are available, the carefully prepared 
tables of Professor Bakhmeteff are to be preferred.
The two eases of backwater curves in horizontal channels are 
very easily solved by the direct method given by Professor Bakh­
meteff. Tables that facilitate the computation of backwater curves 
in channels of adverse slope are given by Arthur B. Matzke.7
All of the cases of backwater curves in uniform channels may 
be computed by means of step methods. Step methods are simpler 
in theory though more laborious in application. They do not require 
the use of tables, and are preferred by those who usually work with 
non-uniform channels. If one has many backwater curves to com­
pute in uniform channels, however, he will find it distinctly to his 
advantage to use the integration methods. In using the step method 
for uniform channels, the tedious cut-and-try computations necessary 
in non-uniform channels may be eliminated by solving for lengths 
along the curve corresponding to increments of depth .8
N o n -U nifo rm  Ch a n n e l s
All river channels, and many artificial channels, are non-uni­
form. In such channels, the various cases of the backwater curves 
lose their mathematically regular shape, and the special case of uni­
form flow at normal depth is no longer an ideal straight line. Step 
methods are clearly indicated here. The particular step method to 
be used depends upon the accuracy required, the funds available, and 
the relative cost of the different methods, including the cost of getting 
the data. A few general remarks applying to all the methods will 
be in order first.
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If the depth of flow is greater than critical, the step computa­
tions should progress upstream; if it is less than critical, they 
should progress downstream. In order to predict the water-surface 
curve in complicated cases, it is desirable to be acquainted with the 
twelve different types of backwater curves, and to bear in mind the 
possibility of a hydraulic jump.
It is sometimes necessary to compute a backwater curve through 
a stretch of river that is not near a point of control, so that no defi­
nite information as to what elevation to start with is available. In 
this case all that is necessary is to assume an elevation some distance 
downstream from the reach, if the flow is deeper than critical, and 
carry the computations upstream to the beginning of the reach. The 
error will tend to disappear, as shown in Fig. 2. To make sure 
that the error has become small enough to neglect, another computa­
tion should be made, starting at a quite different elevation. If the 
two curves converge closely at the lower end of the reach, the correct 
elevation there has been found, and the computations may now be 
carried up through the reach. Fig. 2 serves as a warning as to 
what would happen if the computations had been started above the 
reach instead of below. In figuring the wrong direction, any small 
error will tend to make the curve deviate further and further from 
its correct location. Even the difference between the true value of 
friction loss and its value as approximated by the Manning or Kutter
pensating for its effect, the curve 
Fig- 2. will inevitably diverge from its
true location.
When a step method is to be used for what is essentially one of 
the cases of backwater curves modified by irregularities in the chan­
nel, care must be taken not to use steps that are too long. The true 
average slope through the step has to be approximated by some sort 
of a numerical average, giving rise to a systematic error if the radius 
of curvature of the water surface profile is continuously changing in 
the same direction.
In computing backwater curves by step methods, the effect of 
change of velocity head may be omitted if the velocity head is small,
°fi <ufi n3hm saoaaj 
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formula is an error large enough 
to eventually affect the slope of the 
curve. Unless each such error is 
followed by others exactly com-
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or if the change accompanies a decrease in velocity due to a sudden 
expansion of the cross-section. In considering the changes of veloci­
ty head it is reasonable to assume that decrease of velocity head can­
not cause the surface to slope upward in the direction of flow. In 
case of doubt, it is well to make the assumption that will yield re­
sults on the safe side.
The data necessary for the step computations may include (1) 
detailed information as to the topography and hydraulic roughness 
of the bed and banks of the stream, or (2 ) records of actual profiles 
and discharges, preferably for free river conditions previous to the 
construction of the dam.
If conditions of the problem dictate the use of survey data, 
there is still opportunity for considerable difference in the computa­
tion procedure. One may plunge immediately into the cut-and-try 
computations, as in the example given in Chapter X I of Part VII of the 
Miami Conservancy District Technical Reports, or one may take time 
for preliminary computations to eliminate as many of the variables 
as possible. Two excellent articles describing different methods of 
expediting this work are those by H. R. Leach0 and J. C. Stevens.10
The method which uses as data actual measured profiles of the 
stream was first described by C. I. Grimm .11 In his original paper 
Grimm used the slope at the lower end of the step as an approxima­
tion to the average slope through the reach. Under this assumption 
the method is direct, but it involves a systematic error which may 
become large unless the steps are quite short. The error may be more 
conveniently minimized by finding the average slope through the 
reach by successive approximations or by means of the nomographs 
developed by I. H. Steinberg.12 The changes of velocity head due to 
channel irregularities are automatically taken into account by the 
Grimm method, while changes of velocity head due to change in the 
general slope of the backwater curve are neglected. Its application 
should be restricted to cases where the slopes of the backwater 
curves are not far different from the slopes of the measured profiles. 
The simplicity and convenience of the method recommend it for 
further study.
No matter which step method is used, the diagram given at the 
end of the article by H. R. Leach and elaborated in King’s Hand­
book18 is valuable if many backwater computations are to be made 
for the same reach. Its preparation takes time, but once it is com­
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pleted the labor of subsequent computations is reduced to a mini­
mum.
V e r i f i c a t i o n
Few measurements verifying the theory of backwater curves 
are available. The paper by Nagaho Mononobe describes laboratory 
tests in several small channels of different shapes and roughnesses. 
A comparison of computed and measured curves on the Skunk River 
is given by Albion Davis.14 Both report good agreement between 
the computed and observed curves. It is to be hoped that increas­
ing use of the Grimm method will make available additional com­
parisons. More are needed, for we know very little about the rate oi 
loss of energy in gradually-varied flow.
The writer has cited a few of the outstanding articles which 
have been published on the subject of backwater curves. It is cer­
tain that the profession has made notable progress since the turn of 
the century, when the question, “ Is there back-piling of water above 
dams?” was the subject of a controversy in the technical press.
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THE PROPAGATION OP WAVES IN STEEP PRISMATIC
CONDUITS
by
Harold A. Thomas 
Professor, Department of Civil Engineering 
Carnegie Institute of Technology 
Pittsburgh, Pennsylvania
D escription  of P ul sat ing  F low
In books or articles on hydraulics, it is customary to recognize 
two types of flow in open channels: “ tranquil flow” and “ shooting 
flow.”  In the former the mean velocity is less than the critical 
velocity \ /gd,  while in the latter it is greater. Uniform flow of the 
tranquil type occurs only in channels of slope flatter than the “ criti­
cal slope,”  whose value in the case of a wide rectangular channel is 
g/c~, while uniform flow of the shooting type occurs only in channels 
steeper than this. In traveling downstream the flow can change from 
the tranquil to the shooting type only by passing over or through a 
control, while the reverse change can take place only by means of the 
hydraulic jump.
In this paper, attention is directed to a third type of flow, which 
may be called “ pulsating flow.”  This is peculiar to channels of ex­
treme steepness and consists of a series or train of waves or pulses. Pul­
sating flow may often be seen on the face of the spillway of a dam 
when the discharge is low. It tends to become less conspicuous as the 
discharge increases. The flow of water on the steep roof of a house 
during a rainstorm is usually of pulsating nature. In the long, steep, 
concrete-lined channels used in certain engineering projects, the trav­
eling waves or pulses sometimes attain such height and velocity as to 
endanger the channel structure or to produce destructive effects at the 
outlet. It will be proved herein that pulsating flow of a stable nature 
can only exist in channels having a slope steeper than the “ second 
critical slope,”  whose value in a wide rectangular channel is 4g/c2, 
or four times the ordinary critical slope.
The mathematical analysis given herein applies especially to those
214
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cases in which the individual waves or pulses of the train are uniformly 
spaced, travel with the same uniform velocity, and are alike in size and 
shape. As actually observed in nature, the waves of certain trains 
are quite regular in spacing and dimensions, while those of other trains 
are irregular. In the latter case, the larger waves tend to overtake 
the smaller ones and merge with them. In very steep channels carry­
ing large discharges, the entrainment of considerable quantities of 
air is a characteristic feature of the flow, whether steady or pulsating, 
but this topic is not discussed in this paper.
The generation of a wave train in a perfectly uniform steep chan­
nel is not spontaneous, but requires the presence^ of an initial pulsa­
tion from some extraneous source. This pulsation may be extremely 
slight—perhaps invisible to the eye—but its existence determines the 
time spacing of the wave crests in the channel. The pulsation pro­
ducing the initial impulse may occur in the headwater pool, at the en­
trance to the channel, or at some point in the channel. When first 
initiated, the waves may be very low, but in traveling downstream 
they gain height and develop bores on their downstream faces. After 
traveling some distance, the waves of a uniformly spaced train attain 
a definite profile and velocity, both of which remain unchanged 
throughout the remainder of the travel.
In outdoor channels, a common source of the initial pulsation 
is in waves raised by wind on the surface of the reservoir from which 
the given channel forms the outlet. It is to be noted that after the 
traveling waves in the steep channel have attained equilibrium of 
shape and velocity, their height is independent of the height of the 
original wind waves and depends only on the time period of the 
latter. However, the traveling waves will usually attain equilibrium 
more quickly if the wind waves in the reservoir are high than if they 
are low. In  case the wind waves in the reservoir are regular in length 
and enter the steep channel squarely, the waves of the resulting train 
in the steep channel will also be regular in profile and period. In 
case the wind waves in the reservoir are confused and irregular in 
shape, the train of traveling waves in the channel will partake of the 
same characteristics, the larger waves tending to overrun and absorb 
the smaller ones. Under the latter condition no permanent equilibrium 
is attainable by the individual waves unless the channel is extremely 
long.
Pulsating flow is sometimes seen on the face of the spillway of a
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dam at times when wind waves are not visible on the reservoir sur­
face. In such excessively steep channels, the instability of uniform 
flow is so great and the tendency to form pulsating flow is so strong 
that the latter may be initiated by any disturbance of a periodic na­
ture, even though that disturbance be extremely slight. One source of 
such disturbances is the periodic forming and breaking away of eddies 
where the flow passes around some obstruction such as a sharp corner 
at the channel entrance, or an irregularity in the channel bed. In an 
experimental steep channel in the Hydraulic Research Laboratory at 
Carnegie Tech, the place of initiation of a train of traveling waves 
under conditions of low discharge could be definitely traced to a tiny 
eddy or ripple produced by a minor surface irregularity at one of the 
joints in the channel bed. In the case of pulsating flow on the surface 
of a roof during a rainstorm, an initial impulse of irregular periodicity 
is supplied by the falling rain drops. In  the study of traveling waves 
in laboratory channels, it is desirable to provide a sufficiently strong 
initial impulse to permit the attainment of approximate equilibrium 
within a moderate length of travel. In experiments at Carnegie Tech, 
this impulse was supplied by the use of a motor-operated gate at the 
channel entrance.
In pulsating flow, each wave consists of two parts: (1) the 
“ head” or “ bore” of roughly tumbling water containing much en­
trained air and (2) the “ tail”  or smoothly flowing portion. The 
velocity of the water at the crest section of the wave is greater than 
at any other section of the wave, but is less than the velocity of the 
wave configuration. In this and other respects, these traveling waves 
have a striking resemblance to ocean waves which have broken and 
are traveling up a gradually sloping beach. The analysis given herein 
applies particularly to the tail of the wave.
T h e  M oving-B elt  A nalogy
In the analytical study of wave trains which move at constant 
velocity, a commonly-used device is the superimposition on the entire 
system of a velocity equal and opposite to the wave velocity. This 
holds the wave configuration fixed in space, while the fluid flows 
steadily through it. The ordinary laws of steady non-uniform flow 
then become applicable to the problem. Fig. la  shows a train of 
waves moving down a steep channel at velocity ~ U ,  while Fig. lb  
shows the effect of superimposing a velocity of 77 on the whole system,
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the wave configurations becoming stationary while the channel bed 
moves with the velocity U and serves to pump the water up the slope. 
As indicated in Fig. lc, the case of Fig. lb  may be thought of as 
identical with that of steady flow in an open channel whose bed is the 
surface of a moving belt conveyor.
Since the moving-belt analogy lends an element of tangibility to 
the study of the traveling-wave problem, it will be employed in this 
paper in preference to a purely mathematical analysis. In order to
gain simplicity and clearness in explaining the fundamental hydraulic 
principles underlying the phenomena to be considered, the analysis 
will be presented from the standpoint of flow in an infinitely wide 
rectangular channel, and the ordinary Chezy formula will be used for 
the hydraulic-friction effect. The same principles may be used for 
the analysis of cases of flow in non-rectangular channels and experi­
mental friction formulas may be employed, but the explanation of 
these cases is somewhat cumbersome because of the necessity of em­
ploying graphical integrations.
At Carnegie Institute of Technology numerous experiments on 
standing waves were conducted in a glass-sided channel of adjustable 
slope and having a moving canvas belt for a bed. These experiments, 
together with numerous others on actual wave trains in steep channels, 
verified the reliability of the analysis given herein.
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For comparison with the more complex cases to be presented, a 
brief reference may be made at this point to the familiar theory of 
steady non-uniform flow in stationary channels. The differential 
equation for the profile of the water surface in the case of steady non- 
uniform flow in an infinitely wide rectangular channel was published 
by Bresse in 1868. In the notation of this paper and for small values 
of slope angle 6, it is as follows:
__ £_
dy _  c2y3
dl . q2
gy 3
The integration of this leads to a rather long expression containing a
logarithmic and trigonometric term commonly known as the “ back­
water function” and forming the basis of computation for Bresse’s 
“ backwater tables.”
The value of y  which makes the denominator zero in the foregoing 
differentia] equation is known as the “ critical depth,”  while that 
value of y  which makes the numerator zero is known as the “ normal 
depth. ’ ’
In the “ Technical Report Part 3 ” of the Miami Conservancy Dis­
trict it was pointed out by Professor S. M. Woodward that the above 
differential equation defines twelve distinct types of surface profiles; 
namely, three in channels of supercritical slope, two in channels of 
critical slope, three in channels of subcritical slope, two in channels 
of zero slope, and two in channels of negative slope.
http://ir.uiowa.edu/uisie/20
T h e  H ydraulic  T h eory  of F low  on  t h e  S ur fac e  of a  M oving  B elt  
Conveyor
In the following discussion, a moving belt is regarded as forming 
the bed of a rectangular channel whose width is very large in com­
parison with the depth of water. As indicated in Fig. 2, the belt is 
inclined at an angle 6 and is considered to be moving in such a direc­
tion as to pump the water from a lower to a higher elevation. At any 
given section having an abscissa I measured along the slope of the 
channel bed from a fixed origin, the vertical depth of water is denoted 
by y  and the mean velocity by V. The constant discharge per unit 
width of belt is denoted by q and is the same at all sections. At any 
given section the discharge and mean velocity are connected by the 
relation:
q = V y  cos 6
In ordinary flow in a stationary channel the total head h, or en­
ergy per pound of water, decreases in the downstream direction, the 
loss of head per unit length of channel, according to Chezy’s assump­
tion, being considered to vary as the square of the velocity and in­
versely as the hydraulic radius. That is,
d h ^ _  _ P _  
dl c2 r
The case shown in Fig. 2 differs from this in that the moving belt is 
contributing energy to the water, so that the energy grade line rises 
in the downstream direction. Under the same assumptions as those 
underlying the Chezy formula, the rate of rise is proportional to the 
square of the relative velocity between the belt and water and is thus 
expressible in the form :
dh _ { U - V ) 2 
dl c2r
In the case of a longitudinal strip of unit width in a very wide rect­
angular channel, the area of cross section normal to the bed is y  cos 6, 
while the wetted perimeter is unity. The hydraulic radius is thus 
y  eos 6, and the above expression becomes:
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In deriving the above, it was assumed that the belt velocity 17 
is greater than the water velocity V. If  the reverse is true, the hy­
draulic gradient will slope downward rather than upward, and the 
sign of the right-hand member will be reversed. From Fig. 2 it is 
seen that the total head at any section is given by
h =  l sin 6 -f- y  -f- 
=  I sin 8 4 - y  +
J 7 2
2 g
2gy2cos-6
Therefore:
a2^
—  = sin 8 +  ^ _______— __= +  ^ Uy ~  q sec 9 ) 2dl dl gy3 cos2 8 ~ c2y3 cos 8
or:
•' a _l ( U y  — q seed)2 
— sin0 + ----- -— - 'd^ y _  ’ c2y3 cos6 (ip)
dl i _  g2 ’ (Is)
gy3 cos2 6
The equation using the +  sign before the last term of the numera­
tor is applicable in cases where i />  q sec 6/y  and will be referred to 
as the ‘ ‘ primary equation ’ ’ while that using the — sign is applicable in 
cases where U <  q sec 6/y  and will be referred to as the “ secondary 
equation. ’ ’ The ‘ ‘ combined equation ’ ’ defining the surface profile for 
all cases of flow in a wide channel whose bed is a flat moving belt is
• n , ( Uy — q seed) ¡Uy — q secdl
— sin d H--------— -------- ------ ady _  c2y3 cos6 ^
_  _  (lc)
gy3 cos2(
where the symbol ] | denotes the absolute positive numerical value 
of the enclosed quantity.
To integrate the “ primary equation,” write it in the form
3 _  ( U y  — q sec 8 )2 
1 dy _ V c2 sin 6 cos 8 _ ( y - A )  { y - B )  ( y - C )
sin 8 dl 3 q2 y3 — D3
y g cos2 8
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where A, B,  and C are the three roots of the cubic equation formed by 
equating the numerator of the second member to zero, and where D is 
a real root of the cubic equation formed by equating the denominator 
to zero. In  other words
D - ’^ r S - e  ®
The quantity A  may be called the “ upper normal depth ;” B, the 
“ lower normal depth;” C, the “ fictitious normal depth” (since it 
falls in a region where the primary equation is not applicable) ; and
D, the “ critical depth.” Surface profiles are asymptotic to the lines 
of constant normal depth and perpendicular to the line of constant 
critical depth.
The integrated expression is:
I _  y o —y 2-3026 (  A 3 — D 3 , y 
\ ( B  -  A) ( C  - A )  gl(sin 6 sin e A ) lu l° y„ -  A 
B3 — D3 , y - B
(A -  B) ( C -  B) 1U* 10 y0 - B  
C3 - D 3 y - C \
(A -  C) ( B - C )  ye -  C)  
where y 0 is the depth at the origin. The equation in this form is 
adapted for numerical computations only in those cases where the 
cubic equation formed from the numerator of the “ primary equation” 
has three real roots.
By expanding both numerators of Equation (2), we find the fol­
lowing relations applicable to the “ primary equation” :
A + B +  C 
A B + B C + C A = 
A B C  =
U2
<r sin 6 cos 6 
2 Uq
c2 sin 6 cos2 
2<7
cl sin d cos6 6
To find A, B, and C when U, q, c, and 6 are given requires the solution 
of a cubic equation. In general, if c and 6 are given, the assuming of 
any two of the quantities A, B, C, V, and q will determine the other 
three. In setting up problems for study, in the cases where A  and B 
are real, it is convenient to assume A  and B and to consider that C is
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numerically smaller than A  or B. The formulas for computing the 
remaining quantities a re :
U =
<7 =
C =
A + V A B + B  
V T  +  V"B“
_ A B  _
+  V b
__A B _ _
(VA~ +  VW)'
cV sin  d cos 8
\ /s in  9, cos3
Corresponding formulas can be written for use with the “ secondary 
equation. ’ ’
G r a p h ic a l  A n a l y s is  o p  W a v e  P r o f il e s  o n  a  M o v in g  B e l t
To aid in gaining an adequate conception of the nature of the 
various surface profiles possible in flow on a moving belt conveyor of
Abscissas fo r diagram s {a)(b)(c)(d)(e);
Values o f  numerator in  Eq- lc  . 
A bscissas fo r  o lia y r a m (f)  ; 
Values o f  denom ina fo r  in Eq- lc. 
- From g r a p h  o f  P rim ary E<%.
—  "F rom  g r a p h  o f  Secondary Ey.
.......From jr c /fa h  o f  P rim a ry  E y.
in  re g io n  where inapp/icabie.
F i g . 3 .
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the type here considered, it is helpful to plot separate graphs of the 
numerator and denominator of the “ combined equation”  Bq. (lc). 
The graphs of the numerator for all cases possible with positive values 
of 6 are shown in Figs. 3a, 3b, 3c, 3d, and 3e, while the graph for the 
denominator is shown in Fig. 3f.
By inspection of the graphs it is possible to classify all the various 
types of .surface profiles which can occur in the case of flow on a posi­
tively sloping flat moving belt. Such a classification is given in Table 
I, the number of profile types being 38.
From considerations of symmetry, it is evident that there are also 
38 possible profile types on belts of negative slope. By methods simi­
lar to the foregoing it is a simple matter to show that there are 20 
possible types of profiles on belts of zero slope. The grand total num­
ber of profile types possible on flat moving belts is therefore 
38+38+20 =  96. However, since these occur in pairs which are 
right- and left-hand duplicates of each other, it is more proper to say 
that the total number of independent profile types possible on flat mov­
ing belts, in addition to the straight normal-flow profiles, is 48. The 
latter statement is on the same basis as Professor Woodward’s state­
ment that the number of profile types possible in wide rectangular 
stationary channels is 12 .
In Table I, profile types 5 and 6 are of especial significance in 
connection with the present study of traveling waves in steep channels. 
Profile type 16 is that of the “ monoclinal flood wave” encountered in 
the study of flood movements in rivers.
S t a t io n a r y  W a v e  T r a i n s  o n  a  M o v in g  B e l t
In the h y d r a u l i c  t h e o r y  o f  flow i n  s t a t i o n a r y  c h a n n e l s  o f  U n i f o r m  
cross section and slope, it is considered axiomatic that the flow cannot 
change from the tranquil to the shooting type without passing a con­
trol, and that it cannot make the r e v e r s e  change except by means of the 
hydraulic jump. If  this axiom applied to a moving channel, it would 
be impossible for successive hydraulic jumps to occur in moving chan­
nels not containing controls. In other words, the occurrence of the 
type of flow shown in Fig. lb  or lc would be impossible. However, 
the fact that this type of flow is possible is proved by actual experi­
ments. Just downstream from each hydraulic jump the flow is of 
the tranquil type, while just upstream from t h e  next jump it is of the 
shooting type. Therefore at some intermediate point the depth must
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equal the critical depth D. For flow on a wide rectangular belt the 
differential equation for the surface profile, as found from Eq. (2), is
dl y3 — D3
From this, we see that if the water depth at any section becomes equal 
to the critical depth D, the value of dy /d l  at that section should be 
infinite; that is, the water profile should be vertical. However, in 
photographed profiles of the actual traveling waves in steep channels, 
or in actual trains of standing waves in a laboratory channel with a 
moving belt bottom, the water surface between jumps is smooth and 
sloping.
The explanation of these apparent discrepancies is that successive 
standing waves cannot exist on a moving belt unless the belt velocity V 
and the discharge rate q are so related that the upper normal depth A  
is equal to the critical depth D. Under this condition, the value of 
dy /d l  in the foregoing equation becomes 0/0 when y =  D and therefore 
may have a finite value. The surface profile corresponding to this 
case where D =  A is listed in Table I under types 5 and 6 , the former 
type referring to the portion above the critical-depth line and the
latter to the portion below that 
Fh>fi/e Typef}o J 'pe^ 0J ‘^ ^ ~ z^ ^  1 in®. It will presently be proved
that the profiles of types 5 and 6 
Fig. 4. both have the same slope where
they cross the critical-depth line, 
and therefore form portions of one continuous curve, as shown in 
Fig. 4.
By making A =  D in Eq. (2a), that equation reduces to
¿ 1 =  in 0 (2/ ~  -B) (y - c ) 
dl y * + D y + D 2
The integral of this gives the following equation for the profile of the 
wave tail in either pulsating or repetitive flow in a wide rectangular 
channel:
, i / o - 2/ , 2.3026 ( A 2 + A B  +  B* , y - B
l== +  "olTT a \ ------ D - - r —  loSi°sin 6 sin 6 \  B — C y<> — B
A2+  A C  +  C* , y ~ C \  
----- B - C  e “  y ^ c )
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(The term “ repetitive flow” is used to describe that type of flow on 
a moving belt where the wave profile can repeat itself without the in­
tervention of a control, thereby forming a train of standing waves.)
To find the relation which must exist between V and q in order 
to make dy /d l  =  0/0 when y  =  D,  we substitute D for y  in Bq. (Ip) and 
equate the numerator and denominator of the right-hand member sep­
arately to zero; that is :
These two equations express the fundamental requirement for the 
existence of repetitive flow on a moving flat belt, or pulsating flow in 
a wide rectangular stationary channel.
By eliminating D between Eq. (4) and Eq. (3a), we find the re­
lationship :
By eliminating q between Eq. (4) and Eq. (3a), we find the relation­
ship :
In other words, if repetitive flow is to be maintained on a moving belt, 
the belt nrast be operated at a speed equal to the sum of two quanti­
ties: (1 ) the velocity \ /  gV of the primary wave of translation in 
water of depth D and (2) the velocity of water flowing at depth D 
down a stationary channel having the given roughness and slope. 
Equation (5) also gives the wave speed for pulsating flow in a sta­
tionary channel.
It is noted that Equation (3a) expresses the same relationship as 
Equation (3).
In attempting to find the slope of the wave profile at the section 
where y  =  D, we encounter the difficulty that Equation (lp ) now has
7 )3  ( u p - q sec e y  = Q
c2 sin 0 cos 6 ( 4 )
and
(3 a )
U = V \ r g qc o s e ( V g  +  c V s 'n 9 c o s  9)
U =  \ / g D - \ - c \ / D  sin 6 cos 6 (5 )
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the indeterminate value of 0/0 at this section. The desired slope is 
therefore obtained by differentiating the numerator and denominator 
of the right-hand member separately, taking the ratio of the results 
and substituting the values of V and q in terms of D from Equations 
(4) and (3a). This process gives the following value for the surface 
profile slope at the critical-depth section:
It is to be noted that this expression is independent of D, q, or U. Pro­
file types 5 and 6 both have this slope at the critical-depth section.
By reference to Fig. (3a) it is noted that repetitive flow can exist 
only when A  and H are unequal. As the slope becomes flatter, so that 
A  approaches B, profile type No. 6 approaches a straight line parallel 
to the channel bed, giving a condition of uniform flow. Therefore, it is 
possible to find the minimum channel slope angle dm on which repeti­
tive flow is possible, by setting ^ ^ ^ e q u a l  to zero in Equation (6 ).
By this process we obtain:
In an ordinary stationary channel of steep slope, the critical slope 
angle is 8 c =  V2 sin-1 2g/c2. Thus the statement may be made that in 
the case of wide rectangular channels, trains of traveling waves can 
exist in stable form only if the channel slope is greater than four 
times the ordinary critical slope. If  the slope is flatter than this, 
waves created by some periodic initial impulse will die out as they 
travel downstream. Another way of expressing the foregoing rela­
tionship is to say that uniform flow of depth D can break into a stable 
train of traveling waves only in case the velocity is greater than twice 
the ordinary critical velocity 'VgD.
A study of the data listed in Table I proves that no other profile 
type than number 5-6 can produce repetitive flow.
or
http://ir.uiowa.edu/uisie/20
By substitution of the value of sin 9mcos9m from Equation (7) 
for sin 9 cos 9 in Equation (5), we obtain the relation U =  S\ /gD.  In 
Other words, uniform flow on a moving belt cannot break up into 
repetitive flow unless the belt velocity is more than three times the 
critical velocity.
It is to be remarked that the steady discharge q, which has been 
used in the foregoing analysis pertaining to a train of standing waves 
on a moving belt, is not the same as the average discharge q' which 
passes down the channel when the train of standing waves is converted 
to a train of moving waves by superimposing the velocity U on the 
whole system. During any given time period t, the average value of
the latter discharge is q' =  ^ J " (Uij cos d - q ) d t .  Evaluation of this
integral requires the determination of the surface profile for the head 
of the wave as well as for the tail. Because of space limitations, a 
discussion of results obtained on the analysis of the latter problem is 
beyond the scope of the present paper. For the same reason a discus­
sion of the methods of extending the equations of this paper to cover 
cases of flow in non-rectangular channels, and to cover the use of ex­
ponential friction formulas, is also omitted.
N otation
For a uniform channel of any cross section:
a =cross-sectional area, measured in a plane normal to the 
channel bed, 
p =wetted perimeter, measured in the same plane, 
b =surface breadth, 
r = a / p  = hydraulic radius, 
d= a /b  =  mean depth,
V =mean velocity, 
q =av  =  discharge,
8 — angle of inclination, 
s =  sin 9 — hydraulic slope, 
c=  coefficient in the Chezy formula: v =  c\ /rs,  
g =  acceleration of gravity.
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For an infinitely wide rectangular channel with bed moving at 
uniform velocity (see Fig. 2 ):
U — velocity of channel bed, 
y =  vertical depth of water at any given section,
I =  distance to this section measured along the channel invert 
line from an arbitrary origin, 
h =  l sin 0-)- j/-f-V2/2g  =  total head, or energy per pound of 
the water at the given section,
V = water velocity at the given section, 
q = Vy cos 6 =  discharge per foot of width,
D =  critical depth,
A =  upper normal depth,
B = lower normal depth,
<7 =  fictitious normal depth.
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FLOOD FORECASTING IN THE UPPER MISSISSIPPI VALLEY
by
Bertram S. Barnes 
Hydrologic Supervisor, Upper Mississippi Region 
Weather Bureau, U.S. Department of Agriculture 
Iowa City, Iowa
The general topic of river forecasting may be roughly divided 
into two p a rts : forecasting for upriver points and forecasting for 
downriver points. The prediction of peaks on the lower Mississippi, 
for instance, is distinctly a downriver problem. Gage readings on 
the tributaries and upstream points on the main river give advance 
warning of the amount of water which is in the river system. The 
problem is to determine what portions of the hydrographs produced 
by the various tributary flows will coincide, how much of the flow 
will go into channel storage, and what stage will be developed at the 
point in question.
The service of river forecasting gradually made its way up­
stream and expanded laterally along the tributaries until it reached 
the point where reports of stage on the headwaters could not be re­
ceived in time to utilize them successfully in a forecast. Reporting 
rainfall stations had to be established and the runoff predicted from 
the reported daily rainfall. Procedures were developed from a study 
of past rainfall and runoff, and by trial and error. In the light of 
our present hydrologic knowledge the forecasting rules which were 
laid down by the past generation of Weather Bureau men in the river 
district centers are found to be surprisingly sound. The usual pro­
cedure was to deduct first a certain amount from the reported depth 
of rainfall, according to the condition of the soil, to take care of the 
field moisture deficiency. The remainder was converted into the pre­
dicted river stage by means of empirical relationships which varied 
with the season.
Within the past few years there has developed a demand not only 
for earlier forecasts of floods but also for more general forecasts of 
daily flow. With the canalization of the upper Mississippi, it has be­
come important for the men operating the dams, construction crews
230
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working on the banks, and navigation interests to know what quan­
tities and stages may be expected from day to day. In answer to 
this demand, the United States Engineer Department and the Weath­
er Bureau have made extensive studies for the purpose of de'vising 
better forecasting procedures. A great impetus was given to practi­
cal research in the field of stream-flow forecasting by L. K. Sherman1 
in 1932, when he presented us with the unit hydrograph which makes 
possible the construction of a hydrograph of expected runoff within 
the time allowed for making a head-water forecast.
The entire upper Mississippi Valley is composed of flat or fairly 
sloping country. The yearly rainfall varies quite uniformly from 25 
inches at the northern tip of the valley to 40 inches near St. Louis, 
and the rains are usually well spaced during the planting and grow­
ing season. The winter snowfall is comparatively light but it fre­
quently adds an important amount of runoff to the spring floods of 
northern streams.
A few streams, such as the Chippewa, Black, Wisconsin, and 
Rock are subject to frequent minor floods. There is no such succes­
sion of floods on the other streams and as a result the people as a 
whole are not as conscious of flood danger as they should be. In the 
cities and towns structures of various kinds are being allowed to en­
croach upon the streams and to restrict their channels to a dangerous 
degree. The principal flood hazard in the Mississippi Valley is not 
localized in the areas adjacent to the main river, but occurs at a hun­
dred scattered points on the tributaries. The funds available to the 
Weather Bureau for the work of the River and Flood Division are 
at present inadequate to provide satisfactory forecasts and flood 
warnings on all of the streams where flood danger exists. In order 
to furnish the type of service which is needed the upper Mississippi 
Basin must be treated as a whole and the expected runoff from each 
of the tributaries calculated at some central point, such as the Re­
gional Office. This information would then be furnished daily to 
the various river district centers for their use in making the specific 
forecasts.
Methods of determining runoff which make use of a factor ap­
plied to the observed depth of rainfall have proved unsatisfactory in 
this valley. Only a comparatively small percentage of the annual 
rainfall enters the streams as storm flow. The soil absorbs a far 
greater part, much of which is later evaporated or transpired by 
growing plants. The storm runoff factors are accordingly small and
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highly variable. For this reason we must treat the runoff as that 
portion of the rainfall which is left unabsorbed by the soil, and not 
as any definite fraction of the total rainfall. Our knowledge of the 
relation of infiltration to runoff has been largely developed by Dr. 
R. E. Horton .2
In order to determine the runoff it is necessary to know how 
much rain fell at a rate exceeding the capacity of the soil to absorb 
it. We need values of the infiltration capacity of the soil and a rec­
ord of the intensity of the rainfall. The rate at which a given piece 
of ground will absorb water has been found by sprinkling tests to 
vary with its condition of tillage, vegetation, field moisture content, 
and a variety of other factors. The slope of the ground is also a fac­
tor. The capacity at the start of a rain may be a great deal higher 
than the average capacity during the rain.
The first rain entering the soil is retained as capillary moisture 
until the field moisture deficiency has been made up. At this point 
water commences to leave the upper soil layers under the action of 
gravity and a steady downward movement commences. I t  appears 
that this downward-moving layer of water compresses the air which 
is in the soil beneath it and that probably vertical columns of water 
are formed at points of greater porosity, while the air escapes up­
ward at other points. At any rate, the supporting power of the air 
is sufficient to cause a considerable amount of the percolating water 
to move laterally and to discharge into the stream channels. This 
flow is known as storm-seepage. Its maximum value is reached in 
the stream two or three days after the peak of surface runoff and it 
contributes a substantial amount of water to the total storm runoff. 
It is important to note that the amount of storm-seepage depends 
upon the rate and amount of infiltration. It is not affected by excess 
rainfall intensities.
The average infiltration capacity in a natural basin does not ap­
pear to vary as erratically as in small test-plots of ground. The 
Weather Bureau has met with some success in predicting its value 
experimentally from antecedent rainfall. I t  is believed that for 
practical forecasting purposes the infiltration capacity may be as­
sumed to be constant during the rain and that the actual rate of infil­
tration may be taken as nearly equal to the rate of rainfall for all 
periods when the rate of rainfall does not exceed the infiltration 
capacity. The Weather Bureau is preparing to utilize reporting in­
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dex basins, as proposed by Dr. Horton,3 for determining the infiltra­
tion capacity at the time of any given storm. These basins will be 
fifty square miles or less in area, and equipped with water stage re­
corders and recording rain gages. Studies are being made of data 
from two such basins now in operation near Iowa City. One of these, 
Ralston Creek, has an area of 3 square miles and the other, Rapid 
Creek, an area of 25 square miles. The peak discharge from an index 
basin occurs almost immediately 
after the rain which produces it 
and the storm runoff can be de­
termined in time to make use of it 
in forecasting for the larger basins 
nearby. The Iowa, Cedar, Skunk, 
and Des Moines basins are now 
covered by a network of 12 re­
cording rain gages and studies 
are being made by the Weather 
Bureau to determine whether ex­
cess rainfall intensities can be es­
timated at intermediate points 
equipped with non-recording rain 
gages. Records of rainfall intensity 
and discharge are also being ob­
tained on the Galena River in cooperation with the U. S. Engineers, 
for an index basin study.
In setting up a procedure for practical forecasting on a large 
scale, speed of handling the data and a simple routine of computa­
tions are two very important considerations. Some of the refine­
ments of the methods proposed by Dr. Horton and others will prob­
ably have to be sacrificed to these ends. The determination of excess 
rainfall from a recording rain gage chart, using an assumed constant 
value of the infiltration capacity, is very simple. I t  consists essen­
tially of determining the total time during which the rainfall rate 
was greater than the infiltration capacity, determining from this the 
amount of excess rainfall by subtracting total infiltration from the 
total rainfall occurring at a greater than the infiltration rate.
Our studies show that a value of the excess rainfall during a 
storm, calculated by the use of an assumed value of the infiltration 
capacity, may be converted with little error into a figure correspond-
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mg to a different value of the infiltration capacity. A simple relation 
curve is used for the purpose. It is expected that many of our re­
porting observers will be able to calculate the excess rainfall, using 
an assumed value of the infiltration capacity, and include it in their
F i g . 2 .
telegraphic rainfall reports. At the Regional Office this figure would 
quickly be converted into a value based on the actual infiltration 
capacity as determined from our index basins or otherwise predicted.
The next step in such a forecasting scheme would be to enter 
each reported value of the excess rainfall in its proper place on a 
blank map of the region and to plot the lines of equal excess rainfall. 
It is hoped that calculated values of the excess rainfall at stations 
which report only the total rainfall depth can be used to increase the 
concentration of points on the map. The expected surface runoff 
from each of the basins outlined on the map would be picked off and 
telegraphed to the appropriate river district center together with 
the predicted amount of storm-seepage. The centers would already 
have received as much of the basic data as they could use for making 
preliminary forecasts or revising earlier ones.
The distribution of the predicted runoff with respect to time 
can best be accomplished at the river district centers. The most 
practical method is by the use of the unit hydrograph principle.
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The unit-graph of surface runoff as observed in the case of Missis­
sippi Valley streams has a recession curve of the form
Qt =  QoV
where Q0 is the value of the discharge at any instant and Qt is the 
value t units of time later. The constant k is called a depletion factor 
because the discharge at any time may be multiplied by k to give the 
discharge one unit of time later. The recession curve of a single event or 
a series of events of surface runoff will plot as a straight line on semi- 
logarithmic graph paper. The fact that recessions from several 
events may be present at the same time will not change the value of 
k. It is therefore not necessary to make use of hydrographs from 
unit storms in constructing the unit hydrograph of surface flow. All 
that we need is the shape of the accession curve and crest, and the 
value of k. The United States Geological Survey has rendered us a 
great service in furnishing original gage-height charts and rating 
curves for this purpose.
The relation of time to depletion in the case of storm seepage 
is precisely the same as for surface flow, except that the value of k 
is much greater. The accession curve does not rise as steeply and 
the peak is rounded off to a much greater degree. The depletion fac­
tor for storm seepage is more easily determined than that of surface 
flow. Examination of a hydrograph of storm flow as plotted on semi- 
logarithmic paper will show that certain portions of most of the 
longer recessions appear as straight lines. The surface runoff from 
the preceding rain has been reduced to a negligible quantity and the 
rise of the next event has not yet commenced. The trial hydrograph 
of ground-water flow must be adjusted until as many as possible of 
these storm-flow recessions contain straight lines which are parallel 
to one another. The slope of these lines then gives us the depletion 
factor for storm seepage. The hydrograph of base flow, also, has 
been defined in the same process.
It is now much easier to determine the depletion factor for sur­
face flow. Momentary values of the storm flow are plotted on semi- 
logarithmic paper, using intervals of from two to six hours for the 
first day or two following each peak. The first straight line of storm 
seepage is extended downward on the sheet, following the accepted 
or average slope. The values of storm seepage are picked off of this 
line and tabulated in order until they become so small as to be negli­
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gible. These values are subtracted from the corresponding values 
of the total storm flow and the remainders are plotted on the same 
hydrograph sheet. The remainders, when plotted, will appear as 
the rise and peak of an event of surface flow. The first few hours 
following the peak will plot as a straight line and the depletion 
factor of surface flow may be determined from its slope. This line 
may now be prolonged downward and its values tabulated in turn 
and subtracted from the remainder of the storm flow. Values of 
the second remainder may be plotted as before and will define the 
rise and peak of the next storm-seepage event. The process may be 
carried on indefinitely unless the total storm flow becomes too small 
to be broken down accurately, errors in the basic record are found, 
the position of the base flow is in doubt, or a period of freezing 
weather is encountered.
The separation of surface runoff by the method just described 
is particularly easy to accomplish on index basins, but the discharge 
immediately following the peak will usually have to be calculated 
at intervals of one hour or less. On basins of 4,000 square miles or 
more, where the concentration of surface runoff is slow, too much 
overlapping of the two flows may occur and the actual separation 
may have to be made by trial and error.
The advantage of dividing storm runoff into its two components 
is that it changes one rather unpredictable quantity into two which 
are more easily predictable. It also permits the use of a shortcut in 
distributing the runoff from a succession of unit rains. All of the 
elements of surface flow which are receding may be added together 
and their sum placed in a column headed “ combined surface flow.” 
This figure, when multiplied by the daily depletion factor k for 
surface flow, will give the corresponding figure for the day follow­
ing. As additional elements of surface flow pass their maximum and 
commence to recede, their values are simply added to the current 
figure in the column. The same procedure is followed with storm- 
seepage, using the proper depletion factor.
Dr. Horton2 has demonstrated that the relation of time to deple­
tion of ground-water flow may be expressed by the same form of equa­
tion which we are using with surface flow and storm seepage. Values 
of the daily depletion factor will be close to unity. In the upper 
Mississippi Valley we cannot make much use of this principle because 
there is an almost continuous recharge to ground water during most
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of the year. A satisfactory prediction of the fluctuation of ground 
water during an event of storm runoff can usually be made from the 
known amount and trend just previous to the event, because any 
rise which occurs during the event would result entirely from ante­
cedent rains. The determination of the ground-water depletion fac­
tor is of particular interest, however, because it enables us to calcu­
late the rate of recharge directly from the hydrograph of ground­
water flow. The total amount of ground water remaining in live 
storage at any time is equal to the rate of its outflow divided by 
the natural logarithm of k. The difference, for any period, be­
tween the change in content and the normal depletion gives the 
amount of recharge.
The normal depletion rates of the components of flow in a 
stream are altered by the arrival of freezing weather. While ice is 
forming on the stream channels a part of the flow is being used in 
the production of ice and another part is being impounded as storage, 
backed up by the ice. It is likely that the increased viscosity oi 
water at low temperatures slows up the rate at which water seeps 
from the ground. Both the amount and the depletion rate of storm 
seepage will be affected by a frozen layer of subsoil. A frozen and 
impervious ground surface will prevent the occurrence of storm 
seepage altogether and practically all of the rain which falls upon 
it will appear at once in the streams as surface runoff. On the other 
hand, when the rays of the sun have gradually melted a layer of 
snow and the water has all entered the soil and frozen there, the 
sudden advent of warm weather may produce a large event oi 
storm seepage with no surface runoff at all.
The w inter’s snowfall is an important factor in the spring fresh­
ets on some of the northern streams. The amount of snow A vhich  
is actually on the ground before the spring thaw is determined by 
taking samples of the snow at selected points and melting them to 
obtain their water equivalent. The data obtained in this way some­
times give a serious underestimate of the total amount of snow and 
frost available for runoff, because in many cases solid ice has form­
ed in ditches and furrows or in the soil. It is therefore necessary to 
compare the observed depth of snow with a calculation of the total 
depth of precipitation over the basin during the winter period, sub­
tracting the estimated amounts of evaporation, percolation, and 
runoff which have occurred during the winter. The total runoff
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which may be expected from the accumulated snow, ice, and frost 
will depend entirely upon the rate at which it thaws and the ability 
of the soil to absorb it.
It is generally believed that a warm rain is capable of melting 
snow very rapidly. Actually this is not the case. Warm winds ac­
companying the rain usually have a great deal more melting power 
than the rain itself. From the heat content of the rain and the heat 
of fusion of snow it is easy to demonstrate that rain at 70° Fahren­
heit will melt only one-quarter of its weight in snow before becom­
ing chilled to the freezing point. The most serious menace presented 
by a spring rain upon snow-covered ground occurs when the ground 
surface is frozen and impervious. Under these conditions any rain 
falling on the snow will penetrate to the ground surface and ac­
cumulate there, where it is prevented from running off by the in­
terlocked crystalline structure of the snow blanket. As the rain 
continues to fall and the snow to melt, the skeletons of the snow 
crystals will retain their power to impound the water in the form 
of slush until nearly all of the snow has been melted. The entire 
volume of the rain and melted snow will then be released at once in­
to the stream channels, to concentrate in a sharp peak of surface 
runoff.
The gradual thawing of snow over unfrozen soil may permit all 
of the water to enter the ground so slowly that no runoff will re­
sult. Under similar conditions a heavy rain may be absorbed by 
the snow and pass steadily into the ground at such a rate as to 
cause a large event of storm seepage with no surface runoff. This 
will produce a stream flow hydrograph with a comparatively low, 
flat peak and a slow recession.
Ice gorges in the spring are an annual menace on many streams. 
An ice gorge is the least predictable of all of the ordinary sources 
of flood damage. A series of gorges, forming simultaneously on the 
same stream, may create an extremely hazardous situation in a very 
short time. If  the gorge at the upstream end of the chain is the 
first to break, the flood wave released by it is likely to burst the 
next one, and so on down, the flood peak becoming greater with 
each new release of impounded water. I t  is necessary to obtain 
accurate information in regard to the location and size of all ice 
gorges as soon as possible after they have formed and to warn resi­
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dents below of the amount of flooding which their breaking might 
cause.
The maintenance of reporting rainfall stations and the collec­
tion of reports by telegraph and telephone are among the most im­
portant duties of the River and Flood Division in the upper Missis­
sippi Valley. These reports give the total depth of precipitation 
during the twenty-four hours previous to 7 :30 a. m., the hours of 
beginning and ending of the rain, and a rough statement of its in­
tensity. In some cases additional amounts of rain occurring later in 
the day are reported in a second telegram. The information is used 
by the river forecasters of the Weather Bureau and is also fur­
nished to the U. S. Engineer offices at St. Paul and Rock Island 
for use in the operation of their locks and dams. Arrangements are 
being made with the American Radio Relay League to furnish an 
emergency transmitting service in the case of failure of the tele­
graph and telephone lines. Some of our reports are now being trans­
mitted over the private lines of public service corporations. No 
telegraphic reports of momentary intensities are now being received 
from recording rain-gage stations, but charts are received monthly 
or oftener from recording rain gages operated by the Weather Bur­
eau, Soil Conservation Service, and the University of Iowa. Inten­
sity data taken from these charts are filed in the regional office at 
Iowa City, where they are used in our studies and are also available 
to any persons wishing to make use of them.
In our work of river forecasting, the Weather Bureau proposes 
to make use of the best modern developments in the study of the 
behavior of storm water. We plan to furnish our river district cen­
ters with the most complete and reliable information possible and 
to set up and maintain a sound routine for utilizing it. We shall 
then place our faith in the experience and skill of the river fore­
casters.
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STAGE TRANSMISSION
IN THE LOWER MISSISSIPPI RIVER 
by
Gerard H. Matthes, Principal Engineer,
Office of the President, Mississippi 
River Commission, Vicksburg, Miss.
The popular belief that a flood crest advances with great and 
destructive speed in excess of ordinary stream velocity, and that 
its rate of advance accelerates the higher the stage, does not appear 
to be true for large rivers. This belief is correct, however, as ap­
plied to precipitous mountain streams of the closely confined canyon 
type and generally to small streams flowing in narrow valleys 
where valley storage is either greatly restricted or amounts to little 
more than channel storage. These conditions bear no analogy to 
flood-wave movement in large rivers flowing in wide valleys, refer­
ence being made here more especially to those of the alluvial type 
whose overbank flow and valley storage assume importance. The 
study here presented was confined to observations made in the 
Lower Mississippi River, a stream of the alluvial type.
The rate of speed with which changes in stage are transmitted 
down the Mississippi River below Cairo appears to be controlled 
principally by the rate at which water is either abstracted through 
channel and valley storage during an advancing flood wave or 
returned to the channel by inflow from such storage during falling 
stages. Mean velocity of flow appeared to have no direct relation to 
stage transmission. A change of stage at low water was usually 
found to be transmitted with a speed appreciably in excess of the 
mean velocity of flow. This speed may even exceed that of the 
thread of maximum surface velocity. Furthermore, a change in 
low-water stage, whether rising or falling, nearly always was found 
to travel more rapidly than the crest of a great flood. A high stage, 
on the other hand, is transmitted at a speed much less than the 
mean velocity of flow. Conditions quite analogous obtain on rivers 
like the Po in Italy and the Rio Grande in Noi'th America.
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The first reach that will be discussed extends from Cairo to Helena, 
the second from Cairo to Natchez. The study was not carried be­
low Natchez as the river there tends to assume tidal characteristics. 
A third study will be shown indicating the difference in time of 
travel between Arkansas City and Natchez before, and also after, 
the river became shortened by means of cut-offs. The eleven cut-offs 
made in this reach have shortened it about one-third of its length 
which in 1929 was 299 miles and today is 191 miles.
It was found advisable to consider long reaches rather than 
short ones as the latter showed too much time-distortion when af­
fected by strong winds, local rains or local inflows. Long reaches 
minimize the effects of these disturbing factors and were found to 
give more consistent time-of-travel values for all stages. Both 
crests and troughs were used because they are the only pronounced 
features in stage hydrographs that could readily be traced through 
from station to station. At first, a distinction was made in plotting 
between crests and troughs; however, no difference could be found 
in their respective times of travel. Crest and trough data therefore 
were used indiscriminately in fixing the location of the curves. Only 
in a few instances were hourly readings available, as for instance at 
the crest of a great flood like that of 1937. Aside from these rare 
cases the study was made throughout on the basis of 8 a.m. gage 
readings. The errors so introduced affect time rather than stage, and 
this was a further reason for dealing with long reaches.
Inflow from tributaries was studied to determine if it affected 
the time of arrival of a crest or trough, and all cases obviously dis­
torted by heavy tributary inflows were eliminated from considera­
tion. The data were plotted showing time interval in days against 
stage, the latter being either the gage reading at the upper end of 
the reach or that of a gage intermediate between the two ends of 
the reach.
Two curves were drawn for each reach enveloping the great 
majority of the plotted points. The time-spread between these en­
veloping curves is somewhat less at the lower stages than at the 
higher stages. The curves usually were drawn a uniform distance 
apart horizontally above a stage of about 30 feet, and were tapered 
off to a smaller time-spread at the lower stages. An average curve 
was then sketched midway between the enveloping curves for use 
in correlating the several studies with each other.
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Fig. 1 shows the number of days required for stages, ranging 
from the lowest to the highest, to travel down the Mississippi River 
from Cairo to Helena, a river distance of 307 miles. In  this stretch 
no,large tributaries enter. However, there are contributions from 
thé St. Francis, Obion, and Forked Deer rivers and from several 
smaller streams. For stages between 8 and 22 feet on the Cairo gage,
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fluctuations in stage are transmitted downstream to Helena with 
much uniformity, varying from 3 to 4 days. This is at an average 
speed of 3.7 miles per hour (5.4 ft./sec.), although the mean velocity 
of flow at low water is only from 2 to 3y2 ft./sec. At stages over 30 
feet on the Cairo gage valley storage begins to take a heavy toll of 
the river’s discharge due to the water spreading out over large bars 
and islands, and also to a portion of the flow then filling up aban­
doned channels. At 40 feet on the Cairo gage the Mississippi flows 
bankful and stage transmission requires 5 to 6 days to reach Helena, 
the movement being at an average rate of 2y2 miles per hour (3.7
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ft./see.), although the mean velocity of flow is well in excess of this, 
usually ranging between 4 and 5 ft./sec. During extreme flood 
stages, say around 50 feet on Cairo gage, the volume of water that 
leaves the river channel overbank to pass into valley storage be­
comes very large. This causes the crest stage, or for that matter 
any material fluctuation in stage, whether up or down, to take 9 
days to reach Helena. This is more than 2y2 times as long as for a 
10-foot stage, namely at the very slow rate of travel of 1.4 miles 
per hour (a little over 2.0 ft./sec.), and in marked contrast with the 
6 to 7 ft./sec. mean velocity of flow and the 9 to 13 ft./sec. maximum 
surface velocities which prevail in the river at a 50-foot stage. The 
data utilized were taken from the 25-year period, 1914 to date.
Fig. 2 shows the time of stage transmission between Cairo and 
Natchez platted against Helena gage readings, Helena being about 
halfway in this 706-mile stretch of river. Below Helena the White 
and Arkansas rivers have their mouths. Their joint discharge at 
times reaches high figures and required careful study in order to 
eliminate distortion in the rate of stage transmission. Discarding 
all excessive distortions, the diagram was plotted in the same man­
ner as in the preceding case and enveloping curves were drawn as 
before. However, the spread between the curves had to be increased 
to 2y2 days for less than bankful stages and to 3 days for overbank 
stages in order to take care of the irregularities introduced by the 
inflow of the Arkansas and White rivers. At Vicksburg the Yazoo 
River enters, but its flow is seldom so appreciable as to cause ser­
ious distortion in the time of transmission.
This study shows a nearly uniform average speed of 3% miles 
per hour (5.5 ft./sec.) up to a 20-foot stage on the Helena gage, 
which is nearly the same rate as for the Cairo to Helena reach. For 
higher stages the time required increases rapidly. The values are 
seen to range from 7% days for low stages to 11 days for a 35-foot 
stage, and to 21 days for a 50-foot flood crest. The la tte r’s move­
ment, therefore, is 2.84 times slower than for a low-water stage. 
These rates are in close agreement with those for the Cairo to 
Helena reach. In the preparation of this diagram the period 1933 
to date was omitted as the effect of the cut-offs below the mouth 
of the Arkansas River has changed the rate of transmission quite 
appreciably.
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Fig. 3 compares the time of travel between Arkansas City and 
Natchez before and since the cut-offs were made. I t  shows the aver­
age rating curve for Vicksburg gage (stage discharge relation) for 
1929, before cut-off operations were begun, and also the aver­
age rating curves for 1937 and 1939 when most of the cut-offs had 
become sizable channels. The stage-lowering at Vicksburg is rep­
resented by the vertical intercept between rating curves and amounts 
to as much as 8 feet for discharges in the neighborhood of 1,200,000 
c.f.s. For this discharge the time of travel is seen to have decreased 
from 6y2 days in 1929 to 4% days in 1937 and to 4 days in 1939, a 
total saving in time of 2y 2 days. For the smaller discharges the dia­
gram shows a reduction of only 1 day. The diagram was not ex­
tended below 500,000 c.f.s. for the reason that at low water no ap­
preciable diminution in time of travel was found to take place. 
How much of the shortening in time of stage transmission has re­
sulted from channel shortening and how much from decreased val­
ley storage cannot be readily ascertained. The situation is compli­
cated by the fact that the lowering in flood stages has not been uni­
form throughout the reach under consideration. The lowering
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amounts to 15 feet at Arkansas City and tapers off to 8 feet at 
Vicksburg, and to 2 feet at Natchez.
One reason why stage transmission of flood crests has not been 
speeded up more by the river shortening than here shown is attrib ­
utable to the fact that during high stages an appreciable flow still 
follows around the old bends at the cut-offs. The cut-off channels 
themselves have not yet developed to the extent of carrying the en­
tire flood flow, except in two instances. Until all the cut-offs become 
large enough to carry the entire flood flow, no clear-cut picture can 
be obtained of the true shortening in time of stage transmission ef­
fected by the cut-offs.
An attempt was made to determine how much the time of travel 
of flood crests on the Mississippi River has changed since the advent 
of high levees. A study was made of the flood of 1858, at which time 
daily gage readings were taken at a number of gages which have 
been maintained unto the present time. In 1858 the levees, gener­
ally, were low and not continuous. Through the gaps floodwaters 
could escape into the low valley lands. The valley storage in 1858 
was so great that it caused the crest to flatten completely by the 
time it reached the mouth of the Arkansas River, below which point 
the flood hydrograph during high stages showed a nearly horizontal 
line over a period of nearly 3 months at all stations down the river. 
The enormous overbank losses of water caused the crest of the 1858 
flood at first to become greatly retarded and finally to disappear en­
tirely. Stages of from 35 to 40 feet on the Cairo gage took from 2 
to 6 days longer to reach Helena than under present conditions. On 
the other hand, the time of travel for stages below 15 feet on Cairo 
gage, that is, well below banks, did not differ appreciably from pres- 
ent-day conditions, showing that the river channel in those days was 
much the same as it is today.
No attempt was made to study the time of stage transmission in 
the tidal reach of the Mississippi River from Angola to the mouth. 
It is known that stage transmission there travels at high rates of 
speed, in fact, the movement is so rapid that it cannot be computed 
from gage readings taken once a day. Recording gages are being 
established in this reach as rapidly as bridges are being built, and 
in time these gages will make it practicable to determine the time 
element accurately.
As the effect of valley storage has been repeatedly referred to
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as constituting a controlling factor in the rate of stage transmission
for overbank stages, Fig. 4 is pre­
sented indicating the increment in 
valley storage in cubic feet per sec­
ond per day for each foot of stage 
on the Helena gage. These incre­
ments are for the reach extending 
from Memphis to Helena, in which 
as yet no cut-offs have been made. 
I t  will be seen that up to 20 
feet on the Helena gage the in­
crement of storage per foot of stage 
is quite small, amounting to 20,000 
c.f.s./day or less. I t  increases to 
about 200,000 c.f.s./day for a 
change of stage from 46 feet to 
47 feet, and to as much as 500,000 
c.f.s./day for 1-foot stage incre­
ments in the neighborhood of 60
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feet. These figures, although they do not give total amounts of 
valley storage, afford some idea of the huge losses of water which 
the river sustains in its travel from Memphis to Helena, a distance of 
80 miles.
For the purpose of visualization, there are shown in Fig. 5 hy­
drographs of the Mississippi River for stations between Cairo and 
New Orleans for the year 1929. The hydrographs are arranged in 
descending order downstream and permit of tracing the movement 
of a crest as well as of a trough. To facilitate this, heavy lines have 
been drawn tracing crests and troughs. Some are representative of 
high stages and some of low stages. The respective inclinations of 
the heavy lines afford a visual means of comparing the rates of pro­
gression, the lines that slant the most indicating a slower rate of 
travel than do those which descend more nearly vertically. It will 
be noted that in the bottom portion which covers the tidal reach, 
the heavy lines descend vertically in nearly all cases. In some in­
stances the time of travel appears to be slightly negative, due prob­
ably to tidal action.
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INSTITUTE OF HYDRAULIC RESEARCH
The Iowa Institute of Hydraulic Research has been organized to 
afford an agency for the co-ordination of the talent, facilities, and 
the resources that may be made available at the University of Iowa 
for undertaking projects of unusual magnitude, scope, or complexity 
in the field of hydrology and hydraulic engineering.
The Institute affords a connection through which technical so­
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interested parties may effectively co-operate with the LTniversity in 
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Associate Director in Charge of Laboratory.
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